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The 1,1 -dichloroethene (1,1 -DCE) cometabolic transformation abilities of
indigenous and bioaugmented microorganisms were compared in microcosms
constructed with groundwater and aquifer solids from the Moffett Field site, CA.
Microbial community structure in the microcosms and possible community shifts
due to 1,1 -DCE transformation stress was evaluated by terminal restriction
fragment length polymorphism method (T-RFLP). An existing biotransformation
model was used to simulate the experimental data using parameter values
determined by Kim et al. (2002) and Rungkamol (2001) with small adjustments to
the parameter values.
The laboratory microcosm studies showed that both indigenous and
bioaugmented butane utilizers were capable of transforming 1,1 -DCE when fed
butane as a primary substrate. A butane-grown enriched culture was bioaugmented
into the microcosms and exposed to several repeated additions of butane and/or
1,1-DCE, ranging from 7.1 to 76 j.tmol and from 0.17 to 1.99 jimol, respectively.
The bioaugmented butane-utilizers showed a reduced lag period compared to the
indigenous butane-utilizers. The greatest ability to transform 1,1 -DCE was
Redacted for Privacyobserved in bioaugmented microcosms, simultaneously exposed to butane and 1,1
DCE. Very little 1,1 -DCE was transformed in the bioaugmented microcosms that
were not fed butane, presumably due to lack of reductant supply and/or product
toxicity of 1,1 -DCE transformation.
Microbial community analyses revealed similar results for replicate
microcosms and differences in the community structure in microcosms subjected
to different patterns of substrate addition and 1,1 -DCE cometabolism. 1,1 -DCE
transformation resulted in temporal fluctuations in specific bacterial groups in the
bioaugmented microcosms. It could be inferred that microorganisms, correlated
with the T-RFL of 183 base pair (bp) were generally predominant in butane-fed
bioaugmented microcosms simultaneously exposed to 1,1 -DCE. Bioaugmented
microcosms that were pre-exposed to 1,1 -DCE for 29 days in the absence of
growth substrate, followed by the addition of butane showed a significantly
different microbial community from bioaugmented microcosms fed butane and
1,1-DCE simultaneously. Microorganisms with T-RFL of 179 or 277.8 bp
dominated in these microcosms. These differences were possibly the result of
extensive 1,1 -DCE transformation product toxicity during the pre-exposure phase
of the tests.
A model developed by Kimet al.(2002) was used to mathematically
describe the rate and extent of butane utilization and the cometabolic
transformation of l,1-DCE in the microcosm tests. Using the kinetic parameter
values previously determined by Kimet al.(2002) and Rungkamol (2001),
heuristic fits were obtained between the experimental data and model simulations.
The model successfully predicted the trend of the butane utilization and 1,1-DCE
transformation. The model outputs were statistically quantified for their fit to the
experimental data by estimating Standard Error of Estimate (SEE). A reasonable fit
between model predictions and experimental observations was achieved.
A significant contribution of this study was developing the laboratory
methods to evaluate the microbial abilities to cometabolize 1,1 -DCE anddetermining the communities of microorganisms correlated with those
biotransformation activities. Furthermore, the model comparison to experimental
data indicated that there was a potential in using the existing model to predict and
improve bioremediation strategies. The results showed the successful
bioaugmentation of a butane-utilizing culture to improve transformation
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CHAPTER 1
INTRODUCTION
The Moffett Field site, formally known as Moffett Federal Airfield In-situ
Bioremediation Test Site (Mountain View, CA), is contaminated with various
chlorinated aliphatic hydrocarbons (CAHs) including 1,1,1 -trichioroethane (1,1,1-
TCA). CAHs are of concern due to the potential health hazards they pose. Since
1,1-dichloroethene (l,1-DCE) is one of the major toxic products of the abiotic
transformation of l,1,1-TCA (Vogel and McCarty, 1987), l,1-DCE was chosen as
a compound of interest for this study.
The cometabolic conversion of 1,1 -DCE by nonspecific oxygenases of
aerobic bacteria is a process which may harm the bacteria. Toxic effects due to the
transformation of 1,1 -DCE may cause cell damage due to nonspecific reactions of
1,1 -DCE transformation products with cell components (Marset al.,1998).
However, despite these negative effects, cometabolic conversion appears to be the
only known mechanism for aerobic biodegradation of 1,1 -DCE since no known
microorganisms can use 1,1-DCE as a primary substrate for growth (Marset al.,
1998). The toxic effects are not exerted by the parent compound, but result from the
transformation process or from transformation products (Dolan and McCarty,
1995). Transformation product toxicity has been observed in varying degrees
during the transformation of CAHs by organisms grown on many different primary
substrates (Alvarez-Cohen and McCarty, 1991 b; Alvarez-Cohen and McCarty,
1991c; Broholmetal.,1990; Dolan and McCarty, 1995). The cometabolic activity
of methane-oxidizing bacteria has been well characterized. Although butane has not
been studied as extensively, there have been several studies demonstrating thepotential of butane as a primary substrate to support CAH transformation
(Hamamuraet al.,1999; Hamamuraet al.,1997).
The term transformation capacity (T ) has been used to describe the toxic
effects of cometabolic transformation of certain compounds (Alvarez-Cohen and
McCarty, 1991 a). T describes the amount of compound a given amount of
microcosms can transform before being rendered inactive due to transformation
product toxicity. The general trend between chlorine content and T is that T
values decrease with increasing chlorine content. However, 1,1 -DCE is a
significant exception. 1,1 -DCE exerted more toxicity than either of the other DCE
isomers, cis-dichioroethene (c-DCE) or trans-dichloroethene (t-DCE) and the more
highly chlorinated trichioroethene (TCE) (Chang and Alvarez-Cohen, 1996; Dolan
and McCarty, 1995). Because cellular toxicity can ultimately limit 1,1 -DCE
oxidation, considerable effort has been directed towards identifying bacterial strains
that can sustain high rates of 1,1-DCE degradation (Yeageretal., 2001).
The ability of microorganisms to survive and adapt to a toxic environment
is an important concern in bioremediation. When native microorganisms do not
possess the ability to degrade the contaminants of interest, microorganisms with
known degradative abilities can be added or bioaugmented to the environment.
Successful demonstrations in order to readily metabolize target compounds via
aerobic cometabolism have been performed (Munakata-Marret al.,1997). Negative
selective pressure as a result of 1,1 -DCE cometabolism, and the formation of toxic
products, may occur during bioaugmentation. Species richness (the number of
species within a community) and species evenness (the size of species populations
within a community) are two essential parameters for defining community structure
and diversity (Liuetal.,1997). For analysis of the natural microbial population in
which unknown diversity must be evaluated, molecular methods using 1 6S
ribosomal RNA genes have been well established (Headet al.,1998). The common
molecular approaches assigning 16S rRNA genes will be explained in Chapter2.In this study, microcosms consisting of aquifer solids, groundwater and air
were fed butane as a primary substrate and 1,1 -DCE as a contaminant. Butane and
1,1 -DCE were monitored to evaluate cometabolic transformation efficiency. While
some of the microcosms were operated in an indigenous state, without addition of
exogenous microorganisms, other microcosms were bioaugmented with a mixed
microbial culture known to actively cometabolize l,l-DCE. At various times
throughout the study, microcosm samples were obtained and subjected to terminal
restriction fragment length polymorphism analysis (T-RFLP) of 1 6S rRNA genes
and were evaluated for microbial community composition and potential microbial
community changes due to 1,1 -DCE stress.
Complex mechanisms such as biodegradation may be simulated by
mathematically assigning a model. Modeling enhances the design and the
application of bioremediation systems for sites contaminated with CAHs.
Laboratory results were simulated using a biotransformation model previously
developed by Kim et al. (2002). The applicability of the model is evaluated by
comparing experimental data for cometabolism of 1,1 -DCE with model predictions
from independently measured model parameters. Modeling was performed using
STELLA ® software (High Performance System, Inc. Hanover, NH) with Runge-
Kutta integration. The model output of mass profiles over time was then compared
with actual experimental data. Standard Error of Estimate (SEE) was calculated to
quantify differences between model prediction and experimental results. The model
successfully predicted trends in 1,1 -DCE transformation and butane utilization for a
wide range of concentrations of 1,1-DCE (0.17 to 1.85 tmol) and butane (7.1 to 72
.imol). The detailed results will be discussed in Chapter 5.
The general purposes of this study are to test the cometabolic abilities of
indigenous and bioaugmented microcosms constructed with aquifer
groundwater/soil originated from the Moffett Field site and to characterize of
microbial community structure and possible community shifts due to toxicity of1,1 -DCE transformation products. Applicability of a model simulation to the
bioremediation system will be also assessed.
The specific objectives of the study were:
1) to determine whether indigenous butane utilizers capable of cometabolizing
1,1 -DCE exist in the Moffett Field subsurface.
2) to compare the 1,1 -DCE transformation ability of indigenous and
bioaugmented butane utilizers in the Moffett Field microcosms.
3) to determine the transformation capacity of resting cells.
4) to evaluate microbial populations responsible for 1,1 -DCE cometabolism as
well as butane utilization.
5) to evaluate the microbial profile changes over time in the microcosms.
6) to mathematically simulate experimental data obtained from the microcosm
studies.5
CHAPTER 2
LITERATURE REVIEW
PROPERTIES OF 1,1 -.dichloroethene (1,1 -DCE)
1,1 -dichioroethene (1,1 -DCE) is an industrial chemical that is not found
naturally in the environment. It may be released by evaporation or in waste water
during its production and use. It may be also formed in groundwater that has been
contaminated by other chlorinated solvents. For example, in water, 1,1,1-
trichioroethane undergoes abiotic transformation to 1,1 -DCE as a result of an
elimination reaction. A possible scheme for the abiotic and biotic transformation
products, including 1,l-DCE is shown in Figure 2.1.
CH3CC13
H+CF l,l,l-TCA
CH2CC12
l,1-DCE CH3CHC12
1,1-DCA
2H20
ydro1ysis
CH3COOH
ACETIC ACID
Figure 2.1 Probable fate of 1,1,1-TCA under methanogenic conditions.
redrawn/rum Vogel and McCarty (1987).The U. S. Environmental Protection Agency (U. S. EPA) has identified
1,350 hazardous waste sites as the most serious in the nation. 1,1-DCE has been
found in at least 492 of these sites. The Agency for Toxic Substances and Disease
Registry (ATSDR) reported this compound as a possible human carcinogen
(ATSDR, 1995). It may also damage the nervous system, liver, kidney, lungs, and
developing fetuses.
1,1 -DCE breaks down very slowly in water and is slowly transformed to
other less harmful chemicals in soil. Its relatively high solubility in water and low
affinity for sediment sorption make 1,1 -DCE easily transported through soil and
groundwater. Table 2.1 presents the physical and chemical properties of 1,1 -DCE
as well as the maximum contaminant level (MCL).
Table 2.1 Physical and chemical properties of 1,1-DCE.
Mo!. Wt. Vapor Water Henry's Law MCLC
Pressurea Solubi!itya Constantb
96.94 g!mo!600 mm Hg 2250 0.8576 7 jig/L
@20°C mg/L
a. U.S. EPA (1990)
b. Gossett (1987)
c. U.S. EPA (2001)
AEROBIC COMETABOLISM OF CAHs AND ITS PRODUCT
TOXICITY
Aerobic transformation can occur, generally through cometabolism, leading
to oxidized products (McCarty, 1997, pg. 373). Cometabolism is defined as the
transformation of a non-growth substrate by cells that are growing in the presence7
of growth substrate or by resting cells in the absence of growth substrate (Chang
and Criddle, 1997). Due to broad substrate specificities of monooxygenases,
degradation of target chlorinated compounds by the monooxygenase occurs
fortuitously (Hamamuraet al.,1999; Hamamuraet al.,1997; Anderson and
McCarty, 1997). The microorganisms obtain no direct benefit from the
transformation.
The performance of several cultures capable of cometabolic oxidative
dechlorination has been studied for a variety of contaminants and primary growth
substrates. The examples of monooxygenase-inducing substrates for this purpose
include methane, propane, ammonia, toluene, and phenol (Hamamuraet al.,1999;
Hamamuraet al.,1997; Anderson and McCarty, 1997). Butane is another effective
growth substrate which supports the cometabolism of several CAHs (Hamamuraet
al.,1999; Hamamuraetal.,1997; Anderson and McCarty, 1997; Liuetal., 2001;
Kimetal., 2000;Kimetal.,1997).
Cometabolism by a butane oxidizer
The cometabolic activity of methane-oxidizing bacteria (methanotrophs)
has been well characterized. In contrast to methane, butane is a relatively unstudied
cometabolic substrate. Although butane has not been studied extensively, there are
several recent studies demonstrating the potential of butane for CAH
transformation (Hamamuraetal.,1999; Hamamuraetal.,1997; Kimetal., 2000;
Kimetal.,1997; Jitnuyanontetal., 2001).Kimeta!(1997) reported the ability of
butane-oxidizing microorganisms, enriched from aquifer solids from the DOE
Hanford Site, to cometabolize chloroform (CF) and 1,1,1-TCA. The butane
microcosms achieved the most effective transformation among microcosms fed
with ammonia, methane, propane, and butane. Furthermore butane is an effectivecometabolic substrate for treating CAH mixtures including 1,1 -DCE (Kim et al.,
1997). 1,l-DCE is often found along with 1,1,1-TCA contamination due to the
abiotic transformation of 1,1,1 -TCA (Figure 2.1).
The first report of CAH degradation by pure cultures of butane-grown
bacteria was by Hamamura et al. (1997). An enrichment culture, CF8, isolated
from the Hanford DOE site and Pseudomonas butanovora showed the abilities to
degrade chloroform, other chlorinated ethenes and ethenes.
The ability to transform CAHs differs between cultures and monooxygenase
enzyme systems. Hamamura et al. (1999) demonstrated the presence of butane
monooxygenase by02requirement for butane degradation, 1 -butanol production
during butane degradation and acetylene inhibition on both butane oxidation and 1-
butanol production. In this research butane monooxygenase diversity among
butane-grown bacteria Pseudomonas butanovora, Mycobacterium vaccae JOB5
and an environmental isolate CF8 was characterized at the physiological level. The
response to the monooxygenase inactivator, ethylene, and the inhibitor,
allylthiourea (ATU), differentiated butane degradation among the three bacteria.
Product toxicity of CAHs transformation
It has been shown that organisms that oxidized CAHs experienced toxic
effects from CAH transformation products or from further breakdown products
(Oldenhuis etal., 1991; Henry and Grbic-galic, 1991; Alvarez-Cohen and McCarty,
1991c). 1,l-DCE has limited potential for aerobic cometabolism due to
transformation product toxicity (Hamamura etal., 1997; Kim etal., 1997). While
l,1-DCE itself is not toxic, its transformation products are highly toxic (Dolan and
McCarty, 1995). In a recent survey of aerobic cometabolism of CAHs by a butane-grown mixed culture, 1,1 -DCE was most rapidly transformed, but the 1,1 -DCE
transformation caused greater cell inactivation than the transformation of the other
chlorinated ethenes (Kim et a!, 2000). According to the model developed by
Anderson (1996), transformation product toxicity appeared to be the most
significant for 1,1 -DCE among the CABs tested. In contrast to 1,1 -DCE,
competitive inhibition appeared to be the important factor for the reduction in
growth rates with trichloroethylene (TCE) and t-DCE (Anderson et al., 1996). In
this research growth rates on 460 jig/L methane were reduced by 20% in the
presence of 0.05 mg/L 1,1-DCE, 1 mg/L t-DCE, or 1 mg!L TCE. With the
significant exception of 1,1 -DCE, which exerted much more toxicity than did c-
DCE, t-DCE, and TCE, the transformation capacity for each CAH was generally in
inverse proportion to its chlorinated content (Chang and Alvarez-Cohen, 1996).
Although TCE can be rapidly degraded by methane-oxidizing cultures,
undesired product toxic effects occur as a result of this reaction. Recent research
has evaluated toxic effects of TCE oxidation on methanotrophic bacteria (Alvarez-
Cohen and McCarty, 1991b; Alvarez-Cohen and McCarty, 1991c; Chu and
Alvarez-Cohen, 1999; Oldenhuis etal., 1991; Henry and Grbic-Galic, 1991;
Broholm etal., 1990). TCE oxidation exerts a broad range of toxic effects that
damage both specific and nonspecific cellular function during its conversion. It
caused sMMO-catalized activity and respiratory activity to decrease. The degree of
inactivation was proportional to the amount of TCE degraded, and cellular recovery
following severe TCE product toxicity is not always possible (Chu and Alvarez-
Cohen, 1999; Oldenhuis etal., 1991).
A similar observation was noted by Hamamura et al. when P. butanovora
and CF8 rapidly lost their CF degradation potential as a result of CF degradation. In
contrast to P. butanovora and CF8, tested organisms Met hyl osinus trichosporium
OB3b and M vacca exhibited the potential to continuously degrade a high
concentration (38.6 riM) of CF.10
BIOAUGMENTATION
One possible method to remediate sites contaminated with chlorinated
aliphatic hydrocarbons is in situ biotransformation. This includes intrinsic
bioremediation or natural attenuation, biostimulation, and bioaugmentation (Steffan
etal., 1999; McCarty etal., 1998). Along with physicochemical, geological, and
hydrological parameters, the feasibility of a given contaminated site to undergo in
situ bioremediation is dependent upon the capacity of the intrinsic microbial
population to degrade the compound(s) of interest (Jenal-Wanner and McCarty,
1997).
When intrinsic biotransformation or biostimulation are not appropriate for a
given site, bioaugmentation might be utilized (Steffan et al., 1999).
Bioaugmentation involves the injection of desired exogenous microorganisms
along with required nutrients directly into the contaminated zone. For the
bioaugmentation method, there are two distinct approaches (Steffan et al., 1999).
The first approach is adding the microorganism to complement or replace the native
microbial population. The goal of this approach is to achieve prolonged survival
and growth of the added organisms and degradation of the target pollutants. The
second bioaugmentation approach is adding large numbers of degradative bacteria
to a contaminated site as biocatalysts to degrade a significant amount of target
contaminant before becoming inactive or perishing. In this case long-term survival
and growth of an active microbial population are not the primary goal.
In the microcosm study of Jitnuyanont et al. (2001), the transformation of
1,1,1 -TCA in bioaugmented and non-augmented microcosms was evaluated. The
augmented microcosms required less time to start utilization of butane than non-
augmented microcosms. Initially the augmented microcosms were effective in
transforming 1,1,1 -TCA, but their transformation ability decreased with prolonged
incubation. The non-augmented microcosms showed limited transformation ability
in the beginning, but they improved with time (Jitnuyanont et al., 2001).11
In situ bioaugmentation with a specialized microorganism, Burkholderia
cepacia ENV435 was reported by Steffan et a! (1999). In this work, groundwater
contaminated with 1000-2500 ig/L chlorinated ethenes was treated by In situ
bioaugmentation and the total mass of TCE, DCE, and VC in the treated area was
reduced by as much as 78% within 2 days after injecting the organisms.
MODEL SIMULATIONS OF BIOTRANSFORMATION
Cometabolic biotransformation models most often stem from Michaelis-
Menten and Monod enzyme kinetics. These expressions have been expanded to
include factors such as product toxicity, substrate inhibition, and internal reducing
power (Chang and Criddle, 1997; Alvarez-Cohen and McCarty, 1991a; Kim etal.,
2002).
The model used in this study incorporated product toxicity, substrate
inhibition with Michaelis-Menten and Monod enzyme kinetics (Kim et al., 2002).
Substrate inhibition
Substrate inhibition describes the hindrance of substrate transformation or
utilization due to competition for, or alteration of, enzymes. There are several types
of inhibition, including competitive, non-competitive, uncompetitive, and mixed.
Competitive inhibition, or specIc inhibition may occur when the substrate and the
inhibitor compete for the same substrate-binding site. A substrate may also bind to
a non-reactive site on the enzyme, altering its conformation and creating non-
competitive inhibition which reduces the utilization of another substrate.
Uncompetitive inhibition, or catalytic inhibition is extremely different from12
competitive inhibition in which the inhibitor binds only to the enzyme-substrate
complex and not to the free enzyme (Cornish-Bowden, 1995, pg. 95-101).Mixed
inhibition isthe type of inhibition in which both specific and catalytic effects are
present. The formal simplest mechanism is one in which the inhibitor can bind both
to the free enzyme and also to the enzyme-substrate complex (Cornish-Bowden,
1995, pg. 95-10 1). Competitive inhibition is the most frequent form of inhibition
addressed in mathematically modeling cometabolic biotransformation (Chang and
Criddle, 1997).
Transformation product toxicity
During transformation reactions, products may develop that are toxic to
cells or enzymes, thereby inactivating them. This phenomenon is termed product
toxicity and may be assigned one of several parameters to account for cell death in
mathematical models. Transformation capacity (Ta)is defined as the mass of a
compound that can be transformed by a unit mass of microorganisms before they
are destroyed by toxicity from transformation products. T quantifies the combined
effects of several phenomena, relating the overall effect of transformation product
toxicity (Chang and Criddle, 1997). Alvarez-Cohen and McCarty (1991 a) assumed
that biomass transformation capacity was equal to the mass of non-growth substrate
ultimately degraded divided by the initial biomass used. Transformation capacity is
not only a function of the availability of reducing power, but also of the specific
cometabolized compound and the toxicity of transformation products (Chang and
Criddle, 1997). In the cometabolic biotransformation model which was developed
by Alvarez-Cohen and McCarty (1991 a), the finite transformation capacity(Ta) of
resting cells, which appears to be associated with cometabolic oxidation of many
CAH, is used to incorporate the effects of product toxicity and reductant supply
into a modified expression of Monod kinetics. In the model developed by Anderson,13
competitive inhibition appeared to be the important factor for the reduction in
growth rates with TCE and t-DCE, while transformation product toxicity was most
significant for 1,1-DCE (Andersonetal., 1996).
MOLECULAR APPROACHES FOR CHARACTERIZING A
MICROBIAL COMMUNITY
Needs for analysis of microbial diversity
The ability of microorganisms to survive and adapt to the subsurface
environment has been an important concern as the use ofin situbioremediation
technology increases. Significant effort has been devoted to characterizing the
microbial ecology, geology, hydrology, and geochemistry of deep subsurface
sediments, such as Hanford and other Department of Energy (DOE) sites in the
United States, in part to develop long-term bioremediation strategies for
contaminated sediment and groundwater (Cho, 2000).
The use of molecular methods to study microbial diversity
Determining the microbial community structure requires information about
the numbers, locations and activities of microorganisms. However, most
microorganisms have yet to be cultivated. This has been a central dogma of
microbial ecology: an inability to cultivate more than a small proportion (0.1-10%)
of the bacteria that can be visualized by direct microscopic count (Headet al.,
1998).The culturability problem is particularly relevant to groundwater studies
where many organisms reside in dormant or low-activity state, or a viable but non-14
culturable state. Therefore numerous culture-independent molecular methods have
been developed and utilized to characterize the entire diversity of microbial life.
The nature of rRNA molecules
For analysis of natural microbial populations in which unknown diversity
must be evaluated, the methods using ribosomal RNA have been well established.
rRNAs are evolutionarily and functionally homologous in all organisms, extremely
conserved in overall structure, and rRNA genes lack artifacts of lateral transfer
between contemporaneous organisms, thus, relationships between rRNAs reflect
evolutionary relationships of the organisms (Olsenet al.,1986). The rRNA
molecules comprise highly conserved sequence domains interspersed with more
variable regions (Olsenet al.,1986). Detailed information about the variability or
conservation of nucleotide positions in rRNA is important for several reasons: Sites
to which a function can be assigned are often conserved in structure. Furthermore,
conserved regions are very important for the search for the homologous sequence
regions between different organisms. On the other hand, highly variable sequence
regions can be used for the development of species-specific hybridization probes or
PCR primers, applicable in the detection and identification of microorganisms
(Peeretal.,1996). There are three rRNAs in bacteria, 5S (-42O nucleotides), 16S
(--1600 nucleotides), and 23S (-3OOO nucleotides). Among these the 16S rRNA is
most used due to its appropriate size.15
The methods commonly used
Culture independent studies are essential for determining how many
different types of bacteria are present in bacterial communities, because less than
1% of bacteria in nature are believed to be cultured with currently available
methods (Cottrell and kirchman, 2000). An outline of many of the procedures
commonly used in molecular microbial ecology using 1 6s rRNA is depicted in
Figure 2.2.
without-PCR method: Fluorescence in situ hybridization (FISH)
Fluorescencein situhybridization (FISH) using 1 6S rRNA probes is one
approach for determining bacterial community composition without polymerase
chain reaction (PCR). Using the FISH method, cells are identified by detection with
fluorescent oligonucleotide probes specific for different bacteria (Cottrell and
Kirchman, 2000). In this method, cell numbers are generally obtained by manual
counting in an epifluorescence microscope (Daimset al.,2001). The FISH
technique provides definitive confirmation of the presence of active species in a
consortium, since the probes target labile rRNA and not DNA. Furthermore, FISH
data provide information that links morphology to identify (Fickeret al.,1999). In
several environments results from FISH are similar to the community composition
suggested by clone libraries (Fickeret al.,1999; Schrammet al.,1998).Fix cells
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Figure 2.2 Commonly used approaches in molecular microbial ecology.
redrawn from Head et al. (1998).17
PCR-based method
PCR-based community structure analyses consist of two major processes:
PCR-clone-sequence approach and community finger printing methods. The
starting point for both of these methods is the extraction of nucleic acids from
environmental samples (Figure 2.2). The extracted DNA is subjected to PCR
amplification using universal primers or primers designed to amplify rRNA genes
from a particular group of organisms. Universally conserved sequences at the 5' and
3' ends allow amplification of nearly complete SSU rRNA genes from the DNA
extracted from natural samples (Head et al., 1998). The PCR product can then be
fingerprinted by using further methods, or cloned and sequenced so that a 1 6S
rRNA gene library may be prepared. Once a sequence database has been generated
from the clone library, phylogenetic analysis can be carried out, and the diversity of
microbial population can be determined (Head et al., 1998).
There are several techniques for community fingerprinting: denaturing
gradient gel electrophoresis (DGGE) (Ferris and Ward, 1997), temperature gradient
gel electrophoresis (TGGE) (Feiske et al., 1998), single-strand-conformation
polymorphism (SSCP) (Schwieger and Tebbe, 1998), and terminal- restriction
fragment length polymorphism (T-RFLP) (Liu et al., 1997; Loffler et al., 2000;
Flynn et al., 2000; Dollhopfet al., 2001). DGGE is a method by which DNA
fragments of the same length but different sequence can be resolved
electrophoretically (Head et al., 1998). The separation of the different DGGE bands
depends on the melting behavior of the PCR product and not on the size of the
fragment (Moeseneder etal., 1999). T-RFLP technique is currently one of the most
powerful methods in microbial ecology for rapidly comparing the diversity of
bacterial DNA (Dunbar et al., 2001). T-RFLP takes advantage of the high
resolution and throughput of automated sequencing teclmologies to separate the
polymorphic terminal fragments after restriction digestion (Flynn et al., 2000). It
can access subtle genetic difference between strains as well as provide insight into18
the structure and function of bacterial community (Marshet al.,1999). In our study,
we applied T-RFLP fingerprinting tecimique and compared bacterial community
structure between different soil slurry samples collected from microcosms treated
under various experimental conditions.
Limitations of PCR-based 16S rRNA anaysis
The usage of PCR-based 1 6S rRNA methods in determining microbial
communities has been increased because it is rapid and it has high resolution.
However, as with all methods, there are important limitations related to sample
collection, nucleic acids extraction from environmental samples, kinetic biases,
artifacts associated with enzymatic amplification, and data analysis.
A major limitation of all methods described above is the quantitative
recovery of nucleic acids from environmental samples (Headetal.,1998). Usually
spores and gram-positive cell are more resistant than vegetative and gram-negative
cell, respectively (Wintzingerodeet al.,1997).
Several problems may occur during the PCR amplification procedure.
Humic acids or humic substances co-extracted with nucleic acids strongly inhibit
enzymatic function for DNA modification (Wintzingerodeet al.,1997).
Differential PCR amplification also has many limitations. Amplified DNA can only
reflect the quantitative abundance of species if the amplification efficiencies are
same for all molecules (Liesack et al., 1991). Furthermore, the appearance of PCR
artifacts is a potential risk in the PCR-mediated analysis of complex microbial
communities as it suggests the existence of organisms that do not actually exist in
the sample investigated (Wintzingerodeet al.,1997). PCR artifacts include
formation of chimeric molecules, deletion mutants, and point mutants.19
CHAPTER 3
MATERIALS AND METHODS
CHEMICAL SOURCES
Butane (n-butane; CP grade) was purchased from Airgas Co. (Corvallis,
OR) and 1,1-dichloroethylene(1,1-DCE; > 99%) was purchased from Aldrich
Chemical Co. (Milwaukee, WI). Fast DNA SPIN Sample Kit for Soil (BIO 101,
Vista, CA) was used for DNA extraction for T-RFLP analysis.
MICROCOSM PREPARATION AND OPERATION
Microcosms were constructed using aquifer materials and groundwater
acquired in aseptic manner from the Moffett Federal Airfield In-situ
Bioremediation Test Site, CA. Three phases were present in the microcosms:
aquifer solids, groundwater, and gaseous headspace. Microcosms were constructed
under a laminar flow hood (The Baker Company, Sanford, MA) to minimize the
potential for microbial contamination during assembly. Materials used in
microcosm construction were autoclaved including bottles, caps, and all other
instruments. Microcosms were constructed in I 56-mL bottles with open-hole screw
cap closures and gray butyl rubber septa (Wheaton Glass Co., Miliville, NJ)
(Rungkamol, 2001; Mathias, 2002). Aquifer material and uncontaminated
groundwater were obtained during the placement of monitoring wells for an
upcoming field demonstration of cometabolic CAH transformation. The core
materials used for microcosm fabrication were sieved (No. 8 sieve, 2.38-mm
opening), combined and mixed before distributing to the microcosm bottles (Table
3.1). Approximately 25 mL of aquifer material and 55 mL of groundwater were20
added to each microcosm. Groundwater nitrate concentrations ranged from 41.7 to
43.6 mg/L as NO3.
Table 3.1 Core materials used in the microcosm fabrication.
Location Depth (ft)
SU39-FP1 14.5-15.0
SU39-FP2 16.0-16.5
SU39-FP3 15.5-16.0
SU39-PP1 16.0-16.5
SU39-PP2 14.5-15.0
SU39-PP3 16.0-16.5
SU39-PP4 15.0-15.5
SU39-PP5 15.0-15.5
SU39-PP6 15.5-16.0
SU39-17 16.0-16.5
SU39-18 14.5-15.0
SU39-19 16.0-16.5
SU39-20 18.5-19.0
Butane and 1,1 -DCE additions
Butane was volumetrically injected into the microcosm bottles using a 1-
mL gas tight syringe (Precision Sampling Corp., Baton Rouge, LA). The bottles
were shaken for 10 mm. to allow the equilibration of substrate before initial
gaseous samples were taken. The microcosms were incubated at 20 °C on a shaker
table at 200 rpm for the duration of the study. Headspace vacuums created by the
consumption of butane and oxygen were re-equilibrated to atmospheric pressure by
injection of pure oxygen into the headspace.
A saturated aqueous stock solution of 1,1 -DCE was prepared by adding 1
mL of 1,1 -DCE to a I 25-mL serum bottles filled with autoclaved demineralized21
water to achieve the concentration at the solubility limit in water. This procedure
eliminates the use of carrier solvents, such as methanol, for introduction of 1,1-
DCE into the microcosms. The bottle was crimp sealed and shaken vigorously for
6 hours to ensure saturation and left quiescent overnight before use.
The saturated aqueous stock solution was injected using a 25-tL
microsyringe (Hamilton Co., Reno, NEV) into microcosms through the rubber
septa to achieve the desired concentration. The mass of 1,1 -DCE ranged form 0.17
to 2.3 tmol corresponding to an aqueous concentration of l,1-DCE from 1.3 to
14.8tg/L. Headspace samples were taken periodically with a 100 jtL gas-tight
syringe and analyzed for butane and 1,1 -DCE concentration.
Bioaugmentation
Bioaugmentation studies were conducted to compare the 1,1 -DCE
transformation ability of indigenous and bioaugmented butane-utilizers. The
bacterial culture used for bioaugmentation was acquired from a previously prepared
1 mL aliquot of a frozen culture enriched from environmental samples from a
Hanford, WA, DOE site (Rungkamol, 2001). The aliquot was used to inoculate a
2000-mL flask filled with 1800 mL of mineral salt media (Table 3.2) at room
temperature. The growth reactor was continuously fed with butane and air.
Headspace partial pressure of 2 to 4 % butane was maintained throughout the
growth cycle. One mL of culture obtained from the growth reactor was directly
added to microcosms without washing. A volumetric amount of butane or saturated
aqueous stock solution of 1,1 -DCE or both was added into the microcosms prior to
inoculation. A headspace sample was taken to measure the initial concentrations of
substrates just before adding prepared cells.22
Soil slurry samples for T-RFLP analysis were taken from microcosms using
a 1-mi disposable syringe. Prior to taking samples, microcosms were shaken
vigorously by hand to mix soil and ground water.
Table 3.2 Composition of mineral salt medium.
Compound Concentration
1. Phosphate Buffer
K2HPO4*3H20 2030.9 mg/L
NaH2PO4*H20 739.0 mg/L
2.MgSO4 60.2 mg/L
3.CaC12 11.lmg/L
4.NaNO3 153.0 mg/L
5. Trace Element
FeSO4*7H20 6283.0 tg/L
MnC12*4H20 300.8 jig/L
ZnSO4*7H20 146.6 pgIL
H3B03 61.8 tg/L
Na2MoO4*2H20 108.9 pgIL
NiC12*6H20 23.8 tg/L
CuC12*2H20 17.0 tg/L
C0C12*6H20 23.8 tg/L
Source: Rungkamol (2001).23
ANALYTICAL PROCEDURES
Butane and 1,1 -DCE
Partitioning between gaseous and aqueous phases within the microcosms
allowed compound masses to be determined. The gaseous concentration of butane
and 1,1 -DCE were measured based on gas chromatography analysis using
calibration curves from external standards. The total mass of compound in each test
bottle was calculated using the headspace and liquid volumes and Henry's constant
(Mackay and Shiu, 1981; Gossett, 1987). This method is further described by
Rungkamol (2001) and Mathias (2002).
To determine gaseous concentration, 100 tL of headspace samples were
taken and injected into Hewlett Packard (Wilmington, DE) 6890 gas
chromatograph (GC) equipped with a photo ionization detector (PID) and a flame
ionization detector (FID). Butane gaseous concentration was determined using a
FID and PID allowed determination of 1,1 -DCE gaseous concentration. Separation
was performed by 0.53 mm X 30 m GS-Q capillary column (J&W Scientific,
Folsom, CA). The column was operated isothermally at 250 °C and helium gas was
used as a carrier gas with 15 mL/min of flow rate.
Nitrate
The aqueous concentration of nitrate was measured by Dionex DX 500 ion
chromatograph (Dionex Co., Sunnyvale, CA) equipped with conductivity detector
CD2O. Microcosm bottles were removed from the shaker and 1 mL of aqueous
samples were taken after the settling the bottles for few minutes. The samples were24
centrifuged for 10 mm. then, 500 tL of supernatant was used for IC analysis.
Residual supernatant was stored at -20 °C for later use.
MICROBIAL COMMUNITY CHARACTERIZATION: Terminal
Restriction Fragment Length Polymorphism method (T-RFLP)
Characterization of the microbial community in the microcosms was
determined by conducting T-RFLP of l6S rRNA genes from microcosm samples.
The flow chart depicting major steps of the T-RFLP method used in this study is
shown in Figure 3.1.
DNA was extracted from soil slurry samples using FastDNA ® SPIN
Sample kit (BlO 101 Inc., Vista, CA) according to the manufacturer's instructions
with a following modification: To avoid inhibition of humic acid on the PCR
reaction, the DNA-bound silica matrix was rinsed 3 times with 5.5 M guanidine
thiocyanate (Fluka Chemical Corp., Milwaukee, WI) solution.
Extracted DNA was amplified using polymerase chain reaction (PCR) with
bacterial domain specific SSU rRNA primers 27 forward (E. co/i numbering)
labeled with FAM and 338 reverse having the sequences 5'-(6-FAM) AGR GTT
TGA TCM TGG CTC AG-3' and 5'-GCW GCC WCC CGT AGG WGT-3',
respectively. PCR reactions were conducted using 5tlof prepared DNA and a
PTCl00TM thermal controller (MJ RESEARCH INC., Waltham, MA). PCR
reactions were performed under the following conditions: 30 cycles consisting of
94 °C denaturation for 30 see, 55 °C annealing for I mm, and 72 °C extension for 1
mm, except the final extension which was run for 20 mm. The composition of PCR
reaction mixture is presented in Table 3.3.25
DNA extraction from soil slurry sample
PCR reaction using 5 tL of DNA and 27F-FAM/338R primers
Ii
Electrophoresis of 5 jtL of PCR product on
1 % Seakem agarose gel to quantify amplified DNA
+
Restriction enzyme digests of separate 10 j.iL samples of
amplified DNA using restriction enzymes MnlI or Hin6I
+
Dilution to 0.5 ng of DNA/tL of H20
and drying 1 iL of diluted sample
+
Approximately 0.5 ng DNA from each digest was sent
for fragment analysis
+
Fragment analysis using ABI 377 slab gel
automated DNA sequencer
+
Fragment analysis data tables and electrophrogram results
Figure 3.1 Flow chart depicting T-RFLP analysis of a microcosm sample.26
Table 3.3 Composition of PCR reaction mixture.
Reagent Volume(jtl)
Water 24.25
1 Ox PCR buffer with(NH4)2SO4 5
dNTP (2 mM) 5.5
338R 1
MgC12(25 mM) 3
Acetamide (50 %) 5
27F-FAM 1
Taq DNA polymerase 0.25
DNA 5
Taq DNA polymerase (5 u!t1), lOx PCR buffer with(NH4)2SO4and dNTP
were purchased from MBI Fermentas (Hanover, MD). PCR grade water was
prepared by filtering nanopure water (NANO pure, Barnstesd) through a 0.22 tm
syringe filter. DNA elution solution (DES) from the DNA extraction kit was used
as a negative control for PCR amplification reaction, and the source culture was
used as a positive control. No visible amplification occurred with the negative PCR
controls (i.e., samples without a DNA template), indicating that there was no
contamination with other sources of DNA.
The resulting PCR products were then resolved on 1 % SeaKem® LE
agarose gel (FMC Bioproducts, Rockland, Maine) stained with 0.5 ig/m1 of
ethidium bromide to estimate the amount of amplified DNA. To evaluate the
amount of amplified DNA, Low DNA Mass Ladder (Gibco BRL, Gaithersburg,
MD) was loaded as a marker. Low DNA Mass Ladder was suitable for estimating
the mass of unknown DNA samples by ethidium bromide staining. The ladder
consists of an equimolar mixture of six blunt-ended fragments from 100 to 2000
bp. Electrophoresis of 4 tl of Low DNA Mass Ladder resulted in bands containing27
200, 120, 80, 40, 20, and lOng of DNA, respectively. Agarose gel was run in lx
Tris-acetate/EDTA (TAE) electrophoresis buffer.
The resulting PCR products were digested for 4 hours at 37 °C with 2.5 unit
of MnlI or Hin6I restriction enzymes (MBI Fermentas, Hanover, MD). The
recognition sites of the enzymes are presented in Table 3.4. The buffers used in
restriction enzyme digestions were supplied with enzymes. Composition of the
reaction mixture is shown in Table 3.5.
Table 3.4 Recognition sites of restriction enzyme.
MinI Hin6I
5' CCTC(N)71.3' 5' GC G C3'
3'...GGAG(N)61'...5' 3'...0 0 CtG...5'
Table 3.5 Composition of the restriction enzyme reaction mixture.
MinI Hin6I
Reagent Volume (p1) Reagent Volume Qil)
water 7.75 water 7.75
G buffer 2 y / TAN
IMbuffer 2
enzyme (10 u/pd) 0.25 enzyme (lOu/p1) 0.25
DNA 10 DNA 10
One p1 of the digested samples were taken and diluted to approximately 0.5
ng of DNA/pd with nanopure water. The diluted DNA samples were then dried
using a speedvac concentrator (SAVANT, fullerton, CA) for 30 mm, rinsed with 70
% ethanol, and dried again for 50 mm. Dried samples were sent to Oregon State
University's Central Services Laboratory for fragment analysis.28
The digested fragments were resolved on a Long Ranger polyacrylamide
gel (FMC, Rockland, Maine) by using a model ABI 373A or ABI 377 gel based
automated DNA sequencer and GeneScan software (Applied Biosystems Inc.,
Foster City, CA) (ABI) in GeneScan mode. GENESCAN400-ROX (ABI) was
loaded onto every other lane as a size standard. Fragment sizes were estimated by
using the GeneScan software, version 2.1 (ABI). Results were obtained in the form
of a data table of fragment size and peak area and as an electropherogram.29
MODEL SIMULATIONS OF BUTANE UTILIZATION AND 1,1-
DCE TRANSFORMATION
Predictive models for cometabolic processes are useful to plan and monitor
site remediation. In this study the kinetic parameters for indigenous and
bioaugmented transformation under microcosm conditions were determined by
modeling the results of the microcosm studies. The simulations of butane
utilization and 1,1 -DCE transformation were conducted using a previously
developed model (Kim et a!, 2002). The model contained partial differential
equations that were solved by STELLA ® software (High Performance System,
Inc. Hanover, NH) with Runge-Kutta integration.
The rates of butane utilization and 1,1-DCE transformation were described
by Monod kinetics that relate transformation rates to aqueous phase concentrations.
The dimensionless Henry partition coefficient (H) was used to describe the
distribution of butane and 1,1 -DCE between air and liquid phase. Transformation
reactions were assumed to occur only in the liquid phase. The model considered
mixed inhibition of butane on 1,1 -DCE transformation and competitive inhibition
of 1,1 -DCE on butane degradation. Features of the biotransformation model used in
our study are presented in Table 3.6. Equations 3.1 and 3.2 express the rates of
butane utilization and 1,1 -DCE transformation, respectively in terms of total mass
of butane or 1,1 -DCE transformed in the microcosms.
Table 3.6 Features of the biotransformation model
Monod/Michaelis Menten Kinetics
Comparative Inhibition of 1,1 -DCE on Butane Utilization
Mixed inhibition of Butane on 1,1 -DCE Transformation
Transformation Product ToxicitydMiu,k max,BuiX Miu,
dt
K,nu,11
M)CE
+1MU Vi+ But Vg
(Vi +H, DCEVg)Kc,IXEBu!)Vi +Hcc,Bu!Vg
30
IMci' l
krnax,lxIAI
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where: MBUt Total mass of butane, tmol
MDCE=Total mass of1,1-DCE,tmol
kmax,But=Maximum specific rate of butane, imol/mg cell-hr
kmax,DCE=Maximum specific rate of1,1-DCE,tmo1/mg cell-hr
KS,BUt =Half-saturation constant for butane, tmol/L
KS,DCE=Half-saturation constant forl,1-DCE,Iimol/L
HCC,BUT=Henry partition coefficient of butane, .imol/L/imol/L
HCC,DCE= Henry partition coefficient ofDCE,tmo1/L/.imol/L
Vg = Gas volume, L
V1 = Liquid volume, L
X = Active microbial concentration, mg/L
t =Time,hr
KICDCEBIJT = Competitive inhibition coefficient of1,1 -DCEon butane,
tmol/L
KIC.BUTDCE = Competitive inhibition coefficient of butane on 1,1-DCE,
tmol/L
KIU.BUtDCE = Uncompetitive inhibition coefficient of butane on 1,1-DCE,
tmol/L31
A Monod kinetic model was also used to express the rate of microbial
growth as a function of growth and decay. Transformation product toxicity was
considered in the model by incorporating a transformation capacity of 1,1 -DCE
term(TC,DCE)into the model as described below.
dXydMmiIlbx 1dMixiH
(3.3)
dt dtVI Tc,zxEdtVi
where: Y = Cellular yield of butane, mg cells/tmol butane
b = Cell decay rate,hf1
TCDCE= Transformation capacity for 1,1 -DCE, imol 1,1 -DCE/mg cells
To perform simulation, the model with previously evaluated parameter
values (Rungkamol, 2001; Kim, 2002) were used in the equations and the
remaining unknown parameters, including transformation capacity(TC.DCE)and cell
decay (b), were varied to obtain a good fit between model simulations and
experimental data.
To determine how accurately the model fits experimental data, Standard
Error of Estimate (SEE) values were evaluated for each simulation.
A2
SEE =nI
Where: SEE = standard error of estimate
C,= model prediction
C1= experimental data32
CHAPTER 4
RESULTS OF MICROCOSM STUDIES AND MICROBIAL
COMMUNITY ANALYSIS
This chapter discusses the results of laboratory microcosm experiments of
1,1 -dichioroethene (1,1 -DCE) biotransformation with indigenous and
bioaugmented microorganisms. Terminal restriction fragment length polymorphism
(T-RFLP) analysis, using the solid samples obtained during these microcosm
studies, was also performed to study changes in the microbial community during
the test. The amplification of DNA and T-RFLP typing are known to have biases,
such as efficiency and selectivity of DNA extraction, differential PCR
amplification, and chimera formation that can distort microbial community
(Wintzingerodeet al.,1997; Headetal.,1998). However, in spite of this method's
limitations in estimating microbial community structure, microbial community
diversity can be compared since biases might likely be uniform for identically
treated environmental samples.
1,1-DCE COMETABOLISM BY INDIGENOUS BUTANE
UTILIZERS: Microcosm studies and T-RFLP analysis
A combination of microcosm studies and T-RFLP analysis was used to
assess indigenous-cometabolism of 1,1 -DCE. The objective of the indigenous
microcosm studies was to determine if the native microorganisms could be
stimulated to effectively cometabolize 1,1 -DCE.
The indigenous microcosm set was comprised of eight microcosms
prepared with Moffett aquifer soils and groundwater. The background 1,1 -DCE
concentration was below detection and the nitrate concentration was approximately
40 mgIL, which is high enough to support microbial growth. Butane was used as a
primary growth substrate to stimulate butane-utilizing microorganisms with a33
butane monooxygenase enzyme. While nitrate was not added to the microcosms
initially, a nitrate solution (900 mM) was added after an each depletion of growth
substrate to adjust the nitrate level of 40 mg/L. The experimental matrix for
indigenous microcosm study is presented in Table 4.1.
Table 4.1 Matrix for the indigenous microcosms.
Microcosm Butane
(tmo1)
1,l-DCE
(pmol)
HgC12
(mg/L)
Nitrate
Ii 70 0.26 25 -
12 0.24 -
13 70 - -
14 70 - -
15 70 - -
16 71 0.26 - -
17 71 0.30 - -
18 64 0.25 - -
Indigenous microcosm Ii: poisoned-control
Microcosm Ii was fed butane, 1,1-DCE and 25 mg/L HgCl2to establish a
killed-control. Figure 4.1 presents the total mass of butane and 1,1 -DCE versus
time in microcosm Ii. After 104 days, butane and 1,1 -DCE started to decrease, and
17 lJmol of butane and 0.18 pmol of 1,1-DCE were added. The loss of butane and
1,1 -DCE was suspected to be the result of leakage through the septa of the
microcosm. On day 165, the gas phase was purged to eliminate oxygen andN2gas
was replaced, then 63 jimol of butane and 26 tmol of 1,1 -DCE were re-added. No
significant decrease of butane and 1,1 -DCE was observed after the first and second34
removals of oxygen. Overall, the indigenous microcosm Ii worked well in holding
butane and l,l-DCE for a long period of time. It is possible that microorganisms
were slowly growing despite the addition of HgCl2, however, rapid rates of butane
utilization were never observed.
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Figure 4.1 Butane and 1,1-DCE mass histories in HgC12-added indigenous
microcosm Ii.35
Indigenous microcosm 12: fed 1,1-DCE only
The indigenous microcosm 12 received 1,1 -DCE, but no butane. The trend
of 1,1-DCE concentration history is shown in Figure 4.2. 1,1-DCE decreased
within the 25 days and then slowed with time. 36% of 1,1-DCE added was
removed in the first 25 days. We do not know whether the 1,1 -DCE loss resulted
from sorption into the aquifer solids or biotransformation. Based on the observation
within the 25 days, a plausible explanation is that the 1,1 -DCE loss could be due to
sorption onto the aquifer solids.
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Figure 4.2 1,1-DCE mass history in the indigenous microcosm 12 with 1,1-DCE
added.36
Comparison of the source culture, microcosm bioaugmentation culture
and indigenous culture
Microcosms NTa, NTb and NTc were prepared as controls for
bioaugmented and indigenous microcosm studies. These microcosms were
constructed in the same manner as the live microcosms, however, there was no
inoculation of microorganisms or substrate addition.
T-RFLP of the triplicate microcosms NTa, NTb and NTc was performed for
comparison with the substrate amended microcosms. Results for T-RFLP of NTa,
NTb, and NTc are shown in Figures 4.3 and 4.4. Gas chromatographic analysis to
identify biotransformation activity was not done for these microcosms.
As shown in electropherograms in Figure 4.3, terminal-restriction fragment
length (T-RFL) found the 169.73 base pair (bp) was the most dominant in MnlI
digests. This pattern was reproducible within the triplicates. Figure 4.4 showed the
microbial profiles of no-manipulated indigenous microcosms NTa, NTb and NTc
from MnlI and Hin6I digests. In case of Hin6I digests, T-RFL of 345.32 bp was
most dominant, accounting for 59-77% of total area. The length of this base pair
indicates that the restriction enzyme Hin6I was not effective in cutting DNA. The
pattern from Hin6I digests was also reproducible within triplicates.
Comparison of electropherograms of the source culture, bioaugmentation
culture and no-manipulated indigenous culture is shown in Figure 4.5. The
bioaugmentation culture was grown on butane from the source culture, as described
in the methods section (Chap 3). The detailed microbial profiles for these three
cultures are shown Table 4.2. T-RFL of 167.22 bp is present in the three cultures.
T-RFL of 183.24 bp is shown only in the source culture and bioaugmentation
culture. T-RFL of 169.73 bp is uniquely shown only in the indigenous culture.
T-RFLP results from the clone library of the source culture are shown in Table 4.3.
The results indicate that microorganisms corresponding to T-RFL of 167.22 bp
have a similarity with unidentified bacterium (deep clay) in Table 4.3. The results37
indicate that these microorganisms might also present in the culture that was to be
bioaugmented.
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Figure 4.5 Electropherograms from the MnlI digests of the source culture,
bioaugmentation culture and non-manipulated indigenous culture.Table 4.2 Comparison of T-RFLs in the source culture, bioaugmentation
culture and non-manipulated indigenous culture.
culture
T-RFL (base pair
Source culture
(%)
Bioaugmented
culture (%)
Indigenous
culture (%)
40.79 6.26 -
41.60 4.68 -
42.67 5.01 -
46.40 0.77 -
47.43 1.14 - -
48.21 - 3.21
51.44 - 4.78
63.72 3.48
67.34 - 0.92
99.16 1.86 - -
100.46 - 2.27 -
131.79 - 0.85
167.22 4.67 10.21 2.35
168.63 0.85
169.73 - 40.52
173.10 1.65
178.97 35.13 1.58 -
183.24 1.37 14.86 -
184.36 1.71 -
206.51 0.88 -
207.60 0.49 26.34
210.60 2.8 4.61 -
211.23 2.44
212.78 - 0.90
213.43 - - 2.85
237.55 - - 2.39
239.61 - 2.26
251.00 - 1.75
253.69 2.84
255.21 - 2.06
275.55 1.08 -
276.61 42.98 6.44 -
277.28 6.24
278.49 - 2.26
279.46 3.84 13.45
281.53 1.14 12.81
283.51 - 4.0141
Table 4.3 T-RFLP results compared with the clone predictions for the source
culture.
GeneBank database comparison: Predicted MnlI
T-RFL (base pair)
Actual MnlI
T-RFL (base pair)
Hydrogenophaga palleronii 209 207.3-207.7
Acidovorax 277 277.1-277.3
Rhodococcus 179 178.9, 179.0
Unidentified bacterium (deep clay) 168 167.0, 167.2
Ferribacterium 237.2
Ultramicrobacterium (proteobacterium) 100.4
Hydrogenophaga palleronii ??? 208.7
Adapted from results of clone library with the source culture, Dolan (2002).
Indigenous microcosms 13, 14 and 15: fed butane only
Figure 4.6 presents the butane degradation observed in microcosms 13, 14
and 15. These microcosms were triplicates fed with butane, but with no 1,1-DCE
was added. All three microcosms showed similar butane utilization patterns. In
each of the microcosms, a lag time of 8 days was observed prior to butane
utilization. Butane was more rapidly transformed in the second feeding and butane
utilization became faster with successive feedings. The arrows in Figure 4.6
indicate the acquisition of samples for T-RFLP analysis.
The T-RFLP profiles for the MnlI digests for indigenous microorganisms in
microcosms 13, 14 and 15 are visualized by electropherogram provided in Figure
4.7. The peak at 169.7 bp is initially dominant on day 29 in the electropherogram of
14, but the peak at 179 bp became more dominant as time proceeded. The peaks at
179, 210 and 277.6 are major T-RFLs on day 193.4.42
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13
C.)
C
a)
C.)
U)
a)I-
0
LL
a)
>
4-
a)
4
C
a)
C.)
C
C.)
U)
G)I-
0
U-
a)
9-
CD
a)
T-RFL (base pair)
40 uao 100120140160180200220240260280300320340
179.O2 bp
169.65 bp-ø. 277.6 bp_0. Day 177.1
t-J 6B:08M134 / M133 /
Day 179.6
..
1IE 76 07_.M13b / M13b /
Day 193.4
8B: 08 M13c / M13c I
14 T-RFL (base pair)
406080 100120140160180200220240260280300320340
169.7
bp Day 29.1
336: MI48N(c) / MI4aN(c) I MI44N(c>
Day 48.3
EJI133 B: MI4bG(c) / MI4OG(o) / MI4bG(c3
Day 177.1
DIWI34 B: MJ4CN(c) / M14c8(c) / MI4cN(c
Day 179.6
IJLA..
EJLJ33B. M14dc3(c) / M14d13(c) / M4dG(c)
Day 193.4
EJFJ33B: MJ4IN(C> / MI4tN(C) / MI4IN(c)
15
a)
C.)
C
a)
C)
T-RFL (base pair)
160180200220240260280
i
21O:O6bpj277.64bp
L1L 9B:09M5a / M154 /
Figure 4.7 Electropherograms from the MnlI digests of samples from the
indigenous microcosms 13, 14 and 15.This pattern is reproducible among the triplicates. Figure 4.8 shows the percentage
of each peak area for each T-RFL. Any fragment peak smaller than 42 bp was
eliminated when creating these diagrams from the electropherograms. Although
there are some variations in minor peaks, bacterial T-RFLP profiles are very similar
between triplicates. Major peaks at 179, 210 and 277 bp were present in all three
microcosm samples on day 193.4.
A more complete T-RFLP profile over the course of the experiment was
made for microcosm 14. As seen in Figure 4.8, 169.7 bp peak accounts for 3 1.7%
of the total area at 29 days, but decreased with time. After 29 days, the 179 bp peak
increased, eventually became the most dominant. By day 193.4, after four
successive feedings of butane, the 179 bp accounted for 47.7% of total area.
Between day 48.3 and day 177.1, there was a long period without butane addition,
which may explain a larger than expected 169 bp peak. The 169 and 179 bp peaks
have similarities to an unidentified indigenous microorganism and aRhodococcus,
respectively, as indicated in Table 4.3.
The T-RFLP profiles of restriction digests with Hin6I for indigenous
microcosms 13, 14 and 15 are shown in Figure 4.9. The most dominant peak
observed on day 193.4 is the 341.5 bp, which is consistent among triplicates. The
profiles were not as variable as the profiles from the MnlI digests. Two major peaks
appeared at 341.5 and 345.1 bp. Although profiles corresponding to same sampling
time are somewhat different, consistency is generally shown among triplicates.
Furthermore, there seems to be some correlation between profiles of MnlI and
flin6I digests. The T-RFLs of 179 and 169 bp of MnlI digests appear to correspond
to 341 and 345 bp of the Hin6I digests, respectively.45
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Figure 4.9 Changes in the microbial community over time in the indigenous
microcosms 13, 14 and 15 with Hin6I used as the restriction enzyme.47
Indigenous microcosms 16, 17 and 18: simultaneously fed butane and
1,1-DCE
The objective of this part of the microcosm study was to determine if the
indigenous microorganisms could be stimulated to effectively cometabolize 1,1-
DCE. Butane utilization and 1,1 -DCE transformation observed in microcosm 16, 17
and 18 are shown in Figure 4.10. These microcosms received both butane and 1,1
DCE for the first and second feedings. The microcosm studies demonstrated that
butane utilizers could be stimulated in 16, 17 and 18. Although there was a long lag
period, over 25 days, complete depletion of butane and 1,1 -DCE was observed
when the microcosms were sampled at day 60. Unfortunately, the microcosmswere
not sampled from 25 to 60 days to determine the true lag time. For all three
microcosms, butane degradation and 1,1 -DCE transformation was more rapid in the
second feeding.
Among the three microcosms, 17 showed the fastest rate for butane
utilization and 1,1 -DCE transformation. At approximately 85 days, samples were
taken from triplicate microcosms after the consumption of the second addition of
butane and 1,1 -DCE transformation. The electropherograms for day 85 is shown in
Figures 4.11. T-RFLP results were consistent with the microcosm studies. The peak
at 207.5 bp is dominant in 16 and 18, while 277.9 bp is shown to be the most
dominant in 17. This may indicate that difference in microcosm activitieswere
attributed to different microbial populations.
In the third feeding, butane and 1,1 -DCE were added separately in order to
conduct a kinetic test. The basic feeding sequence was as follows: first a low
amount of butane (-7tmol), followed by a higher amount of butane (70 imoI),
1,1-DCE (0.3tmol), and finally the addition of a higher amount of butane (70
tmo1). The results of the kinetic experiment are shown in Figure 4.12. 16 and 18
showed similar rates of butane degradation. For the low amount of butane case,
only 39% and 30% of butane fed were consumed by 16 and 18, respectively, whileri
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Figure 4.12 Butane and 1,1-DCE mass histories in the indigenous microcosms
16, 17 and 18 during the kinetic test.51
complete butane utilization (>99.5%) occurred in 17. In contrast to a low amount of
butane, all the triplicate microcosms showed complete butane utilization when
exposed to higher amounts of butane. In 16, the transformation stopped 14 days
after stimulation (day 123), transforming 80% of the 1,1 -DCE. During the kinetic
test, complete 1,1 -DCE transformation occurred. (within 1 hr for 17 and in 9hr for
18) in microcosms 17 and 18. In the absence of butane, 1,1-DCE transformation
appears to occur faster than with butane, indicating inhibition of butane on 1,1
DCE transformation. With the second addition of a higher amount of butane, 16 and
18 showed slower butane consumption than 17. This pattern is consistent with the
previous trend observed with the second addition of substrate.
Samples for T-RFLP analysis were obtained from the microcosms at the
times indicated in Figure 4.10. Figure 4.13 shows the electropherograms for
samples from 16, 17 and 18. The microcosms sample for 16 obtained on day 171
showed the 207 bp peak was still most dominant, accounting for 25.6% of the total
peak area. In contrast to 16 and 18, 17 had major peaks at 169.98, 207.61 and 277.94
bp. The 277.94 bp peak was the most dominant on day 83.4. This T-RFLP pattern
was correlated with butane consumption and 1,1 -DCE transformation observed in
microcosms. For example, 17 had the fastest butane degradation and 1,1-DCE
transformation rates and had a dominant peak at 277.94 bp.
16 shows major peaks at 85.01, 207.5 and 210.06 bp while 18 shows peaks
at 207.64, 210.12 and 275.71 bp (Figure 4.14). The most dominant peak was at
207.5 bp in both microcosms. Similarly, the peak corresponding to 207 bp was the
most dominant in microcosms 16 and 18 after utilization of the greater amount of
butane during the kinetic test. These correspond to day 106 and 107.5 for 16 and 18,
respectively.
T-RFLP profiles from Hin6I digests are displayed in Figure 4.15. On day
85, T-RFL of approximately 199.1 and 203.5 bp account for the major portion of
the peaks. In contrast to the results on day 85, the peak at 204.5 bp was the only52
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T-RFL for 16 and 18 on day 107, and the pattern is fairly reproducible between 16
and 18. It may be correlated with the butane consumption and 1,1-DCE
transformation activities shown in the microcosms. The profiles with the Hin6I
digests are different than those obtained with the MnlI digests. It is notable that the
T-RFL of 207.5 bp was fairly dominant for all samples in 16 and 18 (See Figure
4.14).
The T-RFLP profiles from the Hin6I digests were more variable. One
possible explanation is that the Hin6I profile for 203.42 and 204.49 bp represented
the similar microorganisms represented by T-RFL of 207.5 bp in the MnlI digests.56
1,1-DCE COMETABOLISM BY BIOAUGMENTED BUTANE
UTILIZERS: Microcosm studies and T-RFLP analysis
Laboratory microcosm studies and T-RFLP analysis were conducted to
evaluate 1,1 -DCE cometabolism in bioaugmented microcosms. The bioaugmented
microcosm set was comprised of 10 microcosms prepared with Moffett aquifer
solids and groundwater with a nitrate concentration of approximately 40 mg/L.
Bioaugmented microcosms were constructed as triplicates for all experimental
conditions, except for the poisoned-control microcosm.
The microcosms were inoculated with the enrichment culture originating
from Hanford, Washington DOE site. T-RFLP profile showed that the culture used
for bioaugmentation had major peaks at 167, 183 and 207 bp. The most dominant
peak was the 207 bp (Refer to Figure 4.5 and Table 4.2).
Butane was used as a primary growth substrate and 1,1 -DCE as a
cosubstrate to be cometabolized fortuitously by butane utilizing microorganisms.
The experimental matrix for the bioaugmented microcosms is presented in Table
4.4. None of the microcosms were initially fed with nitrate. After each depletion of
growth substrate, a specific amount of nitrate solution was added to adjust nitrate
concentrations to background conditions of the Moffett groundwater.57
Table 4.4 Matrix for the bioaugmented microcosms.
Microcosm Butane
Qimol)
1,1-DCE
(mo1)
HgCl2
(mg/L)
Nitrate
Bi 67.8 0.23 25
B2 0.25 - -
B3 0.25
B4 - 0.25 - -
B5 702 -
B6 70.8 - -
B7 67.9 -
B8 68.5 0.23
B9 72.2 0.21 - -
BlO 67.5 0.22 - -
Bioaugmented microcosm B 1: poisoned-control
Microcosm B 1 was constructed as a poisoned control and was
simultaneously fed butane, 1,1-DCE and 25 mg/L HgCl2. Cells (0.045mg dry cell
weight) were used for bioaugmentation. Figure 4.16 presents butane degradation
and 1,1 -DCE transformation, which occurred in microcosm B 1. Theoretically,no
significant loss of butane and 1,1 -DCE was expected in the poisoned-control
microcosm. Microcosm B 1 started butane degradation and 1,1 -DCE transformation
on day 56. On day 124, when the residual butane and 1,1-DCE was 11% and 25%
of the original amounts, respectively, 59jimoI of butane and 0.28tmo1 of 1,1-DCE
were added to the microcosm to see if an additional decrease of substrate would be
observed. Butane and 1,1 -DCE concentration reached 31% and 45% of the original
amount, respectively, within 26 days. On day 150, the head space of microcosm B 158
was purged and replaced with pureN2gas to remove oxygen. The microcosms was
then spiked with 62jtmol of butane and O.24.tmol of 1,1-DCE. Butane reduction
ceased and 1,1 -DCE transformation slowed. From this observation one may infer
that aerobic microorganisms that have 1,1 -DCE cometabolic activity were
stimulated in the poisoned-control microcosm. Therefore, the dose ofHgC12used
was insufficient to prevent microbial growth.
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Figure 4.16 Butane and 1,1-DCE mass histories in the HgCl2-added
bioaugmented microcosm Bi.
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Arrows in Figure 4.16 indicate the time slurry samples were taken from the
microcosm. Electropherograms of the T-RFLP analysis from MnlI digests for
microcosm Bi are shown in Figure 4.17. Relative fluorescence intensity of peaks at
169.76 and approximately 280 bp are dominant in the beginning, but become
smaller over time. By day 149.9, the 84.75 bp peak becomes dominant after butane
utilization and 1,1 -DCE transformation occurred. The microorganisms were not
originally observed in the T-RFLP analysis of the bioaugmented culture.
Figure 4.18 shows the change in the microbial profiles over time in
microcosm Bi with the MnlI and Hin6I digests. The T-RFL of 169.76 bp
corresponds to 18.2% of the total peak area on day 0.1. However, the peak area
decreased to 8.3% on day 13.9 and 1.9% on day 149.9. On day 149.9, the portion of
peak area of the 84.75 bp was 42.87%.
From Hin6I restriction digests, it can be inferred that T-RFL at 200. 09 bp
likely corresponded to the 84.75 bp in MnlI digests. Furthermore, it suggests that
microorganisms corresponding to T-RFL at the 84.75 bp in MnlI and 200.09 bp in
Hin6I digests were likely responsible for butane degradation and 1,1 -DCE
transformation in the B 1 control microcosm.0
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Figure 4.17 Electropherograms from the MnlI digests of samples from the
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Figure 4.18 Changes in the microbial community over time in the
bioaugmented control microcosm Bi.62
Bioaugmented microcosms B5, B6 and B7: fed butane only
Microcosms B5, B6 and B7 were bioaugmented with the butane-grown
mixed culture. Cells (0.045 mg dry cell weight) were inoculated to each
microcosm. These microcosms received butane, but no co-substrate (1,1 -DCE).
The results of microcosm studies are shown in Figure 4.19. Initially B5, B6 and B7
received 68-71 tmol of butane and had four more butane feedings over 199 days.
Butane utilization occurred successfully for all sequential feedings. The general
trend was similar in B6 and B7 to that of B5.
Slurry samples for microbial community determination were taken before
and after butane utilization as indicated by the arrows in Figure 4.19. T-RFLP
results from the MnlI digests for B5, B6 and B7 are shown in Figure 4.20 and 4.21.
In microcosm B5, the 169.7 bp peak becomes smaller with time, while the peak at
183 bp becomes dominant with the sequential utilization of butane (Figure 4.20).
This trend is also evident in Figure 4.21. After the third and fourth of butane
utilizations, the 183 bp peak is also dominant in microcosms B6 and B7.
Bioaugmented microorganisms corresponding to the T-RFL of 183 bp appears to
play an important role in butane utilization.
In the profile for Hin6I digests, 345 bp peak was very dominant in all slurry
samples, meaning that microorganisms corresponding to 345 bp T-RFL likely
correspond to microorganisms with 183 bp T-RFL (Figure 4.22).70
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Figure 4.19 Butane and 1,1-DCE mass histories in the bioaugmented
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Figure 4.21 Changes in the microbial community over time in the
bioaugmented microcosms B5, B6 and B7 with MnlI used as the restriction
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Figure 4.22 Changes in the microbial community over time in the
bioaugmented microcosms B5, B6 and B7 with Hin6I used as the restriction
enzyme.rLSJ
Bioaugmented microcosms B2, B3 and B4: pre-exposed to 1,1-DCE
Triplicate microcosms B2, B3 and B4 were bioaugmented with butane-
grown mixed culture. Cells (0.045 mg dry cell weight) were inoculated to each
microcosm. The microcosms were initially exposed to 1,1 -DCE, without butane to
observe 1,1 -DCE transformation by the bioaugmented-resting cells. Butane was
then added after 29 days of incubation (Figure 4.23).
The decrease in 1,1 -DCE mass essentially stopped after the first few hours
of exposure. In microcosm B2, 1,1 -DCE was reduced to 11% of its initial mass
within 4 hours. This trend was reproducible in all triplicates; with reductions of
11% and 13% of the initial mass in B3 and B4, respectively. After 2.6 days, mass
of 1,1-DCE reached 77-79% of initial mass (loss of2l-23%). No significant
change of I ,1-DCE mass occurred by day 29. We can not conclude that the initial
rapid loss of 1,1 -DCE was attributed to biotransformation of 1,1 -DCE or sorption
onto the aquifer solids. However, the mass transformed is in the range of
transformation capacity for 1,1 -DCE estimated by Kim et al. (2002).
To test for cometabolism ability of the bioaugmented microcosms, B2, B3
and B4, butane (72-73tmol) was added on day 29. The residual 1,l-DCE became
completely depleted by days 75, 91, and 78 in B2, B3 and B4, respectively, and the
added butane was consumed completely. The long lag period indicates that the
microbial population was greatly reduced with the exposure to 1,1 -DCE in the
absence of butane. Compared to the results of microcosms not-exposed to l,1-DCE
(microcosms B5, B6 and B7), microcosms B2, B3 and B4 had much greater lag
times (Figure 4.19). This observation suggests that 1,1 -DCE product toxicity
dramatically increased the lag time in the microcosms pre-exposed to 1,1 -DCE.
Successive feedings of butane (70-71imol) and 1,1-DCE (0.35-0.37imol)
were made on day 91. 1,1 -DCE and butane concentrations started to decrease soon
after the addition and were completely depleted within 3 days. This0
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Figure 4.23 Butane and 1,1-DCE mass histories in the bioaugmented
microcosms B2, B3 and B4 that were pre-exposed to 1,1-DCE.
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indicated that the rapid butane consumption and 1,1 -DCE transformation were
attributed to increase in cell mass due to the second feeding of butane.
The 1,1 -DCE dose was doubled on day 124 and increased by four times on day
139, while butane dose was maintained constant. B2 and B3 successfully
transformed the greater amounts of 1,1 -DCE. With the last exposure of 1,1 -DCE,
the 1,1 -DCE and butane concentrations took a longer time to be reduced in B4.
Slurry samples for T-RFLP analysis were taken at several times as indicated
by the arrows in Figure 4.23. Electropherograms and a summary of T-RFLP
profiles for MnlI digests are shown in Figures 4.24 and 4.25, respectively. The
169.7 bp peak was initially dominant in all three microcosms. However, this peak
became smaller while a 179 bp peak became dominant after butane was utilized in
microcosms B2 and B4. Microcosm B3, however, showed a different T-RFLP
pattern. The T-RFL peak at 169.7 bp was initially dominant. However, a 277.7 bp
peak became dominant after butane was utilized and 1,1 -DCE transformed, and
consistently dominated the further treatments with higher doses of 1,1 -DCE. No T-
RFL of 183 bp was observed in any profile from the triplicate of microcosms,
indicating that microorganisms corresponding to 183 bp were not responsible for
1,1 -DCE cometabolism. Microorganisms corresponding to the 169.7 bp peak were
also not likely associated with 1,1-DCE transformation. Selection of different 1,1-
DCE-degrading organisms in these microcosms appears to be a more plausible
explanation.
Microbial profiles of the MnlI digests differs from that obtained in
microcosms not exposed to 1,1-DCE. In the case of the microorganisms fed only
butane (microcosms B5, B6 and B7), the 183 bp peak was dominated in all
triplicates microcosm samples for the MnlI digests (Figures 4.20 and 4.21).
A summary of T-RFLP profiles from the Hin6I digests are shown in Figure
4.26. Although T-RFLP results from the Hin6I digests do not discriminate between
microcosms as well as the MnlI digests, the T-RFLP profiles are consistent with
those obtained from the MnlI digests. B3 showed a different profile compared to71
those obtained for B2 and B4 in the MnlI digests, while the Hin6I results showsa
similar pattern to those obtained in B2 and B4. The T-RFL 345.2 bp was dominant
in the beginning, representing 46-64 % of the peak areas of the triplicate. However,
it became the minor peak, accounting for only 5.3 %, 0 % and 7.2 % for B2, B3 and
B4, respectively by day 143.72
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Figure 4.24 (Continued) Electropherograms from the MnlI digests of samples
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Figure 4.25 Changes in the microbial community over time in the
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Figure 4.26 Changes in the microbial community over time in the
bioaugmented microcosms B2, B3 and B4 with Hin6I used as the restriction
enzyme.77
Bioaugmented microcosms B8, B9 and BlO: fed butane and 1,1-DCE
simultaneously
Triplicate microcosms B8, B9 and B 10 were bioaugmented with butane-
grown mixed culture and simultaneously fed butane and 1,1 -DCE. Cells (0.045 mg
dry cell weight) were inoculated to each microcosm. Five feedings were performed
in a normal pattern, and a kinetic test was conducted between the second and the
third feedings. Approximately 70 tmol of butane were added for each dose. The
1,1-DCE dose ranged from 0.17.tmol to 1.99tmo1. The butane utilization and 1,1-
DCE transformation rate increased with the second feeding.
Microcosms had a much shorter lag period of a few days compared to that
observed in microcosms B2, B3 and B4 that were pre-exposed to 1,1 -DCE.
Microcosms B2, B3 and B4 had a lag period of 39-46 days (Figure 4.23).
Microcosms B5, B6 and B7 that were not exposed to 1,1 -DCE showed immediate
butane utilization without any lag period (Figure 4.19). The difference in lag
periods indicates that the microbial population was reduced upon exposure to 1,1-
DCE. Microcosms pre-exposed to 1,1 -DCE had the longest lag time and those
exposed to 1,1 -DCE with butane had a moderate lag time, while microcosms not-
exposed to 1,1 -DCE had no lag period. The difference in time for removal of 50 %
of the butane for the first butane addition was compared between different substrate
addition methods (Table 4.5). In the case of the indigenous microcosms fed butane
and 1,1-DCE, the lag time for 16 % of butane removal is presented, since it was not
possible to estimate the time for the 50 % of butane removal. The indigenous
microcosms had a longer time to remove 50 % of the butane. Differences in lag
times were also observed within bioaugmented microcosms with different methods
of substrate addition. The triplicate microcosms pre-exposed to 1,1 -DCE had the
longest lag time while those exposed only to butane had the shortest.78
Table 4.5 Comparison of the lag time for removal of 50 % of the butane.
Indigenous microcosms Bioaugmented microcosms
Substrate Time (days) Substrate Time (days)
Butane 12.2± 0.8 Butane 2.6± 0.2
*Butane&1,1-DCE 25 Butane&1,1-DCE 10.9±2.3
Pre-exposed to 1,1-DCE47.9±6
*16 ± 7.9% of butane removal.
All values are averages of triplicates with 95 % confidence interval.
After the kinetic test, the amount of 1,1 -DCE was gradually elevated to
eight times the initial dose in microcosms B8, B9 and BlO. The maximum mass of
1,1-DCE used was 1.99 pmo1. The rate of butane utilization and 1,1-DCE
transformation became faster in microcosms B8, B9 and B 10 after the prolonged
treatment with butane and 1,1-DCE, and this trend was very reproducible and
consistent between the triplicate microcosms. 1,1 -DCE transformation was more
consistent in the bioaugmented microcosms B8, B9 and BlO compared to
indigenous microcosms that were simultaneously exposed to butane and 1,1-DCE
and also achieved better treatment performance. Among triplicates, microcosm B 10
showed the best ability in transforming 1,l-DCE. The maximum transformation
yield was 0.025 imol 1,1-DCE/j.tmol butane (0.042 mg 1,1-DCE/mg butane),
which was much greater than the maximum transformation yield of 0.0043 j.tmol
1,1-DCE/tmol butane (0.0072 mg 1,1-DCE/mg butane) achieved in the indigenous
microcosms (Figure 4.27).
The triplicate microcosms showed similar trends when the transformation
stopping with the last exposure. This was rather remarkable considering the long
term treatment with repeated exposures to 1,1-DCE. In microcosm BlO, butane
consumption and 1,1 -DCE transformation was observed after 266 days of
exposure, while no butane and 1,1 -DCE removal was observed in B8 and B9. One
may infer that in the bioaugmented microcosm B 10, a microbial community that
could transform high concentrations of 1,1 -DCE was present.80
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Figure 4.27 Butane and 1,1-DCE mass histories in the bioaugmented
microcosms B8,B9 and BlO.Figures 4.28 and 4.29 show the electropherograms and profiles of microbial
community with the MnlI digests in the microcosms B8, B9 and B 10. In B8, prior
to significant butane utilization and 1,1-DCE transformation (day 0.1) indigenous
169 bp peak was dominant. However, this peak became minor and peaks at 179 and
183 bp became major peaks with successive stimulations on butane and 1,1 -DCE.
For the highest level of 1,1-DCE (1.85imol), the 183 bp peak was dominant from
122 to 131 days. The microorganism corresponding to 179 bp peak may be similar
to Rhodococcus in Table 4.3. The 183 bp peak corresponds to a microorganism that
has yet to be identified in the bioaugmented culture.
In B9, the 210 bp peak accounted for 30% of the total peak area, while the
183 bp peak represented 26% on day 94. A 179 bp peak was not found in the B9
samples. Regardless of this minor difference, B9 generally showed a similar pattern
as B8. The 169 bp peak became smaller and 183 bp peak became larger with
successive exposures to butane and 1,1-DCE.
The microbial profile for B 10 also showed similar pattern with B8. The
207.7 bp peak corresponds to the microorganism Hydrogenophaga in Table 4.3.
The 179 and 183 bp peaks increased with time and the peak at 183 bp became a
dominant peak after the kinetic test (at 71 to 87 days). However after the complete
transformation of the highest level of 1,1 -DCE transformation it appears that the
peak at 207 bp became dominant after 266 days of exposure. Unfortunately, slurry
samples for T-RFLP analysis were not taken from B8 and B9 at this later time for
comparison purpose.
Figure 4.30 presents the profiles of microbial community over time in
microcosm B8, B9 and BlO for the Hin6I digests. In the microbial profile for B8,
the peaks at 341.5 and 345.4 bp represent a major portion, accounting for 11.6-
25.5% and 36.9-53.5% of the total peak area, respectively. The T-RFL at 341.5 bp
corresponds with T-RFL 179 bp in MnlI digest. In Hin6I profile of the BlO, the
339.2 bp peak was very dominant on day 265.9.81
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SUMMARY OF MICROCOSM STUDIES AND MICROBIAL
COMMUNITY ANALYSIS
This chapter summarizes the results of microcosm tests for butane
utilization and 1,1 -DCE transformation activities and corresponding T-RFLP
analysis.
The microcosm studies demonstrate that both indigenous and bioaugmented
butane utilizers could be stimulated in Moffett Field microcosms, and the
stimulated butane utilizers were capable of cometabolizing 1,1 -DCE. Although
there was a long lag period, more than 25 days, complete depletion of butane and
1,1 -DCE was observed in the indigenous microcosms simultaneously exposed to
both substrates (16, 17 and 18) (Figure 4.10). The bioaugmentation of butane
utilizers significantly reduced the lag period to few days. In the case of the
microcosms B8, B9 and BlO, simultaneously fed butane and I ,1-DCE, the lag time
was reduced to a few days. The best 1,1-DCE transformation ability was achieved
in the bioaugmented microcosm BlO. The maximum 1,l-DCEmass completely
transformed was 1.93 tmol (1199 p.g/L) corresponding to the consumption of 76
mo1 of butane. This represented the T of 0.025 tmol 1,1 -DCE/tmol butane
(0.042 mg 1,1-DCE/mg butane).
1,1-DCE transformation by resting cells (12; B2, B3 and B4) was found to
be limited due to reductant supply and/or product toxicity of 1,1 -DCE
transformation. Some loss of 1,1 -DCE in these microcosmsmay be due to sorption
onto the aquifer solid. It was notable that the bioaugmented resting cells did not
show better transformation capacity than the indigenous resting cells during the
early part of the tests.
Butane utilization was stable for about 7 months in both indigenous and
bioaugmented microcosms fed butane only; indigenous microcosms 13, 14 and IS
and bioaugmented microcosms B5, B6 and B7. Butane consumption ratesincreased after prolonged incubation and repeated substrate addition in both
indigenous and bioaugmented microcosms (Figures 4.6 and 4.19).
T-RFL of approximately 85 bp was shown to be dominant in soil sample of
bioaugmented poisoned-control microcosm B 1, which was taken during 1,1 -DCE
transformation. Peaks at the 169.76 and approximately 280 bp are dominant in the
beginning, but 85 bp peak became dominant with butane utilization and 1,1 -DCE
transformation on day 150. It was fairly remarkable that there was no T-RFL of 85
bp in the source culture (Table 4.2). Even though the T-RFL of 85 was not shown
in NTa, NTb and NTc, it was demonstrated in profiles of 16, 17 and 18 (Figure
4.13).
In the case of the indigenous microcosms fed butane only (13, 14 and IS),
microbial profiles showed that the microorganisms corresponding to T-RFL of 179
bp from MnlI digests played a dominant role. Also T-RFL of approximately 277 bp
was consistently shown in the profiles of 13, 14 and 15 (Figure 4.8).
In contrast to the indigenous microcosms 13, 14 and IS, the bioaugmented
microcosms stimulated by butane alone (B5, B6 and B7) showed that the T-RFL of
183 bp was dominant in all slurry samples, except for the initial sample (Figure
4.21). Similarly, in B8, B9 and BlO, microcosms simultaneously fed butane and
I,1 -DCE, the portion of the 183 bp peak increased along with treatments and was
fairly dominant in all samples, except in the initial sample (Figure 4.29). Since the
T-RFL of 183 bp was dominant in both microcosm sets, these microorganisms
were likely associated with butane utilization and 1,1 -DCE transformation.
Microbial profiles of the microcosms B2, B3 and B4, bioaugmented microcosms
pre-exposed to 1,l-DCE, were significantly different from those of B8, B9 and
B 10, the bioaugmented microcosms simultaneously fed butane and 1,1 -DCE. The
183 bp T-RFL was not presented in the profiles of B2, B3 and B4; T-RFL of 179
bp was dominant in B2 and B4 microcosms and 277.8 bp was dominant in B3. A
possible explanation is that product toxicity of 1,1 -DCE transformation causeda
shift in the microbial community in microcosms B2, B3 and B4. The lag period in87
microcosms B2, B3 and B4 for butane utilization and 1,1 -DCE transformation
dramatically increased compared to microcosms B8, B9 and B 10. It is likely that
product toxicity of 1,1 -DCE transformation in microcosms B2, B3 and B4 affected
to the 1,1 -DCE transformation rate and lag time.
The bioaugmentation study demonstrated that bioaugmenting butane-
utilizers significantly reduced the lag period from more than 25 days to several
days. Bioaugmented butane utilizers were also capable of transforminga greater
dose of 1,1 -DCE compared to the indigenous microcosms. After the prolonged
treatment, the transformation yields of indigenous butane utilizers differed between
triplicate microcosms, which means different microbial populationswere enriched
in indigenous microcosms that were identically treated (Figure 4.10).
Bioaugmented butane utilizers showed more consistency in activities for butane
utilization and 1,1 -DCE transformation compared to the indigenous butane
utilizers. T-RFLP analysis results also showed greater consistency in microbial
community between triplicate microcosms. Furthermore, the microorganism
corresponding to the T-RFL of 183 bp, one of the bioaugmented microorganisms,
was generally dominant for all samples. This fact indicates the bioaugmented
microorganisms successfully competed with the indigenous microorganisms.
Therefore, the bioaugmented microorganisms are recommended for bioremediating
1,1-DCE.
T-RFLP analysis was able to track community shift and is a potential
indicators of biotransformation activity. In the T-RFLP profiles for both indigenous
and bioaugmented microcosm studies, it was apparent that 1,1 -DCE transformation
resulted in shifts in the microbial community.[bIt]
CAHPTER 5
RESULTS OF MODELING BUTANE UTILIZATION AND
1,1-DCE TRANSFORMATION
This chapter presents model simulations of the results of the laboratory
microcosm experiments. Mass profiles of 1,1 -DCE and butane over timewere
simulated using the model described in Chapter 3. For a review of the microcosm
descriptions, refer to Tables 4.1 and 4.4 (Chapter 4).
COMPARISON OF LABORATORY DATA AND MODEL
SIMULATION OF BIOAUGMENTED MICROCOSM
EXPERIMENTS
The Stella biotransformation model presented in chapter 3 was used to
simulate the laboratory data from the bioaugmented microcosm studies. The input
values for the model are listed in Table 5.1. The kinetic parameters defined by
Rungkamol (2001) were assumed as starting values for our model simulations.
Some important values, including the transformation capacity of 1,1 -DCE(T,1 .1
DcE), the constants for mixed inhibition of butane on 1,1 -DCE transformation
(KICBUTDCE, KIUBUTDCE) and competitive inhibition of 1,1 -DCE on butane utilizaiton
(KC,DCEBUT) and KSII.DCE and kmax.1.IDCE were not evaluated by Runkamol. The
kinetic values determined by Kim et al. (2002) were applied for these parameters.
When required, specific values were adjusted to achieve a better fit to the
experimental data.89
Table 5.1 Starting parameter values and units used in modeling the
bioaugmented microcosm results.
Parameter Value Unit
Butane concentration* approximately 7, 70 .imol
1,1-DCEconcentration* 0.2-1.9 jtmol
Initial cell concentration in
bioaugmented microcosm (Xo)*
1.385 mg/L
Cell yield(Y)* 0.0406 mg cell! j.tmol butane
Decay(b)** 0.00625
Hcc,Butane 38 -
H,I,IDcE 0.8576 -
KIC,DCEBLJT*** 8.7 jimol/L
KIC,BUTDCE 0.33 imo1!L
KIU,BUTDCE*** 6.9 jimollL
kmax,Butane** 1.261 imol/mg cell-hr
kmax, i, 1.3 .xmol!mg cell-hr
KsButane** 1.897 tmol butane!L
KS!IDCE*** 1.48 tmol 1,l-DCE!L
Transformation capacity (Tc)*** 0.5 17 .tmol l,1-DCE/mg cell
Volume of gas phase (VG) 0.076 L
Volume of liquid phase (VL) 0.08 L
*Experimental value.
** Input value from Rungkamol (2001).
Input value from Kim et al. (2002).Modeling of the bioaugmented microcosms B2, B3 and B4:pre-
exposed to 1,1-DCE
Microcosms B2, B3 and B4 received only 1,1 -DCE initially, and were then
exposed to butane long after 1,1 -DCE was transformed. 1,1 -DCE was rapidly
transformed within the first 3 hours of these experiments, after which
transformation ceased. The triplicate microcosm data was very reproducible as
discussed in Chapter 4.
Kimetal.(2002) reported a l,1-DCE transformation capacity(T.I,lDcE)
value of 0.517 jtmol 1,1 -DCE/mg cell for his butane-utilizing mixed culture.
Simulations presented here show that lower values than those defined by Kimet al.
(2002) more adequately fit the laboratory data. Two adjustedTC ,I-DCEvalues, 0.362
and 0.3ltmo1 l,1-DCE/mg cell, were tested in the simulations. Figure 5.1 displays
the data for three microcosms during the early stages of the incubation along with
model outputs, for both transformation capacity values. All other input values,
except cell decay (b), followed those listed in Table 5.1. Using bothT,I.1cE
values the model predicted the pattern of 1,1 -DCE transformation by resting cells
observed in the microcosms. Since transformation was fairly limited in these
microcosms, it is difficult to determine whether transformation was actually
occurred and whether a transformation capacity model fit the observations.,II
(a) b=0.0028 hr1 and T,1,j.DcE=O.362pmol 1,1-DCEImg cell
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Figure 5.1 Rest cell 1,1-DCE transformation in microcosms B2, B3 and B4
using adjusted transformation capacity values with (a) b=O.0028 hr andT,1,1
DCE=°.362 pmol 1,1-DCE/mg cell (b) h=O.0028 hr' andTC,1,IDCE0.31 pmol
1,1-DCE/mg, X01.385 mgfL.92
Modeling of the bioaugmented microcosm B5: fed butane only
The bioaugmented microcosms B5, B6 and B7 were fed butane and no 1,1-
DCE. Since all triplicates showed similar trends in butane utilization, only B5 was
simulated. Figure 5.2 presents model simulations and microcosm results for two
additions of butane. The model accurately fit the first addition of butane. However
the model predicted much slower butane utilization than observed in the second
feeding. This possibly indicates that cell decay rate (b) was less than model input
value of 0.00625 hr'. Simulations were therefore performed at lower b values
(0.0028 hr' and 0.003 hr) in an attempt to better fit the observations.
Figure 5.2 (b) shows butane utilization simulated with the adjusted b value
of 0.0028 hr'. Since no significant difference in model results were observed over
the small range of b values tested, output for one value is presented in Figure 5.2
(b). All the other input values used are listed in Table 5.1. The lower b value of
0.0028 hr' provided a better fit to the butane utilization data. This lower cell decay
value was therefore used in the future model simulations.
Figure 5.2 (c) and (d) presents model simulations wherekmax,Butaneand
Ks,Butanevalues were changed. As seen in Figure 5.2 (c), when the higherkmax,Butane
value (1.5 tmol/mg cell-hr) was used, the model predicts slightly faster butane
utilization than the experimental data showed when the higherKs,Butanevalue (6
tmol butane/L) was used,the model predicted slower butane utilization than
observed. Since the startingkmax,ButaneandKs.Butanevalues better predicted butane
utilization than adjusted values ofkmax.ButaneandKSBUte,the input values defined in
Table 5.1 were used in subsequent simulations.93
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Modeling of the bioaugmented microcosm B8: fed butane and 1,1-DCE
simultaneously.
B8, B9 and BlO were triplicate bioaugmented microcosms that were fed
butane and 1,1 -DCE simultaneously (Figure 4.27). Among triplicates, B8 was
simulated for butane utilization and 1,1 -DCE transformation. The order of feedings
and the total mass of butane and 1,1-DCE added to B8 are presented in Table 5.2.
Five feedings were performed in normal pattern, and a kinetic test was conducted in
between the second and the third feedings. Approximately 70 tmo1 were added for
each butane dose. After the kinetic test, the amount of 1,1 -DCE was gradually
elevated to eight times the dose initially used.
Table 5.2 Consecutive feedings in the bioaugmented microcosm B8.
Order of feedings Time (hrs) Butane (jimol) 1,1-DCE (imo1)
l'st 0.0 68.5 0.23
2'nd 703.8 70.3 0.25
Kinetic test 955.3
963.5
1079.6
1081.0
7.0
67.0
72.0
-
-
0.17
-
3'rd 1653.7 69.8 0.56 (2 times)
4'th 2035.7 68.0 1.17 (4 times)
S'th 2974.9 58.0 1.85 (8 times)
The input values for the model are listed in Table 5.1, and were based on
those defined Rungkamol (2001) and Kim et al. (2002). For simulating butaneutilization the initial cell concentration (Xo) was assigned a value of 1.385 mg/L,
which was estimated from the cell mass used for bioaugmentation
The first simulation was allowed to run until kinetic test (about 955 hrs).
First-order cell decay was permitted over this time interval. The cell concentration
remaining at 955.3 hrs was input as the initial cell concentration (Xo) for
simulations of the kinetic tests. Since 1,1 -DCE was transformed rapidly (within 42
mm) in the kinetic test, modeling this stage required very small time steps (0.01 hr).
In order to model 1,1 -DCE cometabolism in microcosm B8 the transformation
capacity of 1,1-DCE (Tç,1,1.DCE) was varied to obtain a fit for butane utilization and
1,1 -DCE transformation. All other parameter values are provided in Table 5.1,
except a cell decay rate (b) of 0.0028hr1.
Figure 5.3 (a) shows the results from the simulation and microcosm analysis
for five additions of growth substrate and 1,1 -DCE. The model predicted 1,1 -DCE
to be quickly transformed, while much greater mass of butane took longer to
completely utilize. The decrease in time required for complete biotransformation of
both compounds along with consecutive substrate additions is well modeled by the
growth of the cell mass in the microcosm, as seen in Figure 5.3 (c). The sharp
peaks at 350, 800, 1050, 1150 and 1750 hours represent the acute cell growth due
to the consecutive utilization of growth substrate. The sharper decline around the
third (1650 hrs) and the forth (2050 hrs) feedings resulted from the high
transformation product toxicity of l,1-DCE, and the high doses of 1,1-DCE.80
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In Figure 5.3 (a), the simulations shows a poor fit for the butane utilization
and 1,1 -DCE transformation in the fourth and fifth feedings. This possibly indicates
that transformation capacity of 1,1 -DCE(Tc,I,IDcE)is higher than that assigned in
the model. In trials to find the best fit, the transformation capacity of 1,1 -DCE
(T,,.IDcE)was varied from 0.31 to 1.448 p.mol 1,1-DCE/mg cell. The results from
this work are displayed in Figure 5.3 through Figure 5.8. Overall results of each
trial are presented in (a). The results were divided along time in (b) tosee how
accurately the model fit to microcosm data for each of the substrate additions.
In Figure 5.3 the results are presented for aTc,1,1.BcEvalue of 0.31 .imol
1,1 -DCE/mg cell. The simulations are compared to the microcosm data for the first
two substrate additions (at hours 0-900) in Figure 5.3 (b). Even though the model
appropriately predicted the general trend of 1,1 -DCE transformation,a good fit was
not obtained for the first substrate addition. In contrast to the first feeding, the
model accurately predicted the results for the second feeding. The varying of the
TII.DcEvalue did not improve the model fit for the early stages of the tests (Figure
5.4-5.8 (b)). The higherTC,1,IDCEvalue that was applied resulted in a greater
discrepancy with experimental data.
During the kinetic test, the sequential feedings of low butane, high butane,
and 1,1 -DCE, followed by an additional feeding of high butane, were performed.
The simulations closely matched the results of the kinetic tests. In Figures 5.4-5.8
(b), the kinetic test results for 1,1 -DCE are showed over the short time interval to
observe degradation slope (hours 940-1120). 1,1 -DCE degradation occurred in less
than 1 hour, so the slope was much steeper than that obtained from the normal
feeding. This is possibly due to lack of inhibition of butane on l,l-DCE
transformation. This trend was fairly reproducible with allTc,I.IDCEvalues used in
the model simulations.
The results of the model simulations were not very sensitive to the changing
1-DCEfor the early stage of incubation because a small amount of 1,1 -DCEwas
being transformed compared to the amount of butane fed. This indicates that the101
cell mass was not very sensitive to the transformation capacity of 1,1 -DCE values
in the early part of the tests. The model did not adequately fit the first feeding in all
trials with varying input values. One possibility supported by T-RFLP
analysis is that different microorganisms were dominant during the early stage of
the incubation. To review the results of microbial community studies, refer to the
Figures 4.28 and 4.29 (Chapter 4).
In using theT1lDcEinput values, 0.31, 0.362 and 0.517 .imol 1,1-DCE/mg
cell, the model did not predict the complete degradation of butane and 1,1 -DCE for
the fourth and fifth feedings. The model predicted that transformation should stop
at around 2000 hours, while it continued in the microcosms (Figures 5.4 (a) and 5.5
(a)).The simulations showed that only 6-25% of butane and 26-76% of 1,1-DCE
was degraded, then butane utilization and 1,1 -DCE transformation stopped at the
fourth feeding. This was caused by 1., 1 -DCE product toxicity due to the application
of the higher 1,1 -DCE dose (four times of normal dose). In an attempt to obtain a
better match in the later high concentration conditions, higher'C.I.IDCEvalues were
tested in further modeling.70
60
E
'50
U)
U)
E40
30
10
0 500 1000 1500 2000
Time (hours)
68 Butane
B81,1-DCE
102
2.5
0
E
1.5'
U)
U)
E
1.0
2
0.5'
0.0
2500 3000 3500
B8 Butane model
68 1,1-DCE model
Figure 5.4 (a) Microcosm experiment data and model simulations for
microcosm B8 with b0.0028 hr' and T,I,IDcE=O.362gmol 1,1-DCE/mg cell.103
80 0.5
U, 70 .B8Butane
60 B8 Butane model 0.4
E 50 B8 1,1-DCE 1 0.3ui
E40 B8 1,1-DCE Model oE
30 0.2
0.1 0
0 0.0
0 100200300400 500600700800900
80 0.5
70 .B8 Butane U,
60 B8 Butane model 0.4
E 50 oB81,1-DCE 0.3E
B8 1,1-DCE Model 0.2
o.i
0' 9'. oo
9409609801000102010401060108011001120
0.3
1050 1070 1090 1110 1130 1150
80 0.7
70
B8 Butane
I0.6 U)
U) 60
50 B8 Butane model 0.5
40 B81,1-DCE 0.4
E
30 B8 11 DCE Model0.3C.)
0.2 20
10 01
0 010
1650 1670 1690 1710 1730 1750
Time (hours)
Figure 5.4 (Continued) (b) Microcosm experiment data and model simulations
for microcosm B8 with b=O.0028 hr' and T,1,IDcEO.362tmol 1,1-DCE/mg
cell.0
E
U)
(a)
CD
E
a,
20
.B8 Butane
2.5
2.0
104
1.5.3
U)
(a)
CD
E
1.0 w0
0.5
0.0
500 1000 1500 2000 2500 3000 3500
Time (hours)
B8 Butane Model oB8 1,1-DCE B8 1,1-DCE Model
Figure 5.5 (a) Microcosm experiment data and model simulations for
microcosm B8 with b0.0028 hr' and T,I,1DcEO.5l7 tmol 1,1-DCE/mg cell.105
80 0.5
60 .B8Butane
0.4
U' B8 Butane Model 0.3E
40
oB8 1,1-DCE 0.2
20\ B8 1,1-DOE Model
\ 01 .
0 "- °°°e< 0.0
0 100200300400500600700800900
80 0.5
B8Butane
04
U'
60 B8 Butane Model
. U)
E oB81,1-DCE 0.3E
'E40 _____B8 1,1-DCE Model 0.2Q.
Lii
\
' 01'
0 ,S. 0.0
9409609801000102010401060108011001120
0.3
U)
U)
CD
E0.2
-
1050
80
r
60
CD
E
U)E40
20
0
1650
1070
1670
oB81,1-DCE
B8 1,1-DCE Model
1090 1110 1130 1150
0.8
.B8Butane
0.7
06
B8 Butane Model
015
oB8 1,1-DCE 0.4 Lii
B8 11-DOE Model C)
0.1
-. -...... 0.0
1690 1710 1730 1750
Time (hours)
Figure 5.5 (Continued) (b) Microcosm experiment data and model simulations
for microcosm B8 with b=O.0028 hr' andT,I,1DcE=O.Sl7jimol 1,1-DCE/mg
cell.106
When a value of 0.827 imol 1,1-DCE/mg cell for T.1,1DcE was used, the
model predicted complete depletion of the substrates. However, the model
predicted a faster rate of butane utilization. This result is shown in Figure 5.6 (b), at
hours 2000-2300. This trend became clearer when using TC,1.1..DCE input values of
1.034 imo1 and 1.448 tmol 1,1-DCE/mg cell (Figure 5.7 (b) and Figure 5.8 (b), in
hrs 2000-2300). A l,1-DCE dose, eight times of normal l,1-DCE was added for the
last feeding. For the highest level of 1,1-DCE, only 43.6% of 1,1-DCE
transformation and 18.3% of butane utilization occurred in microcosm studies. It
was interesting that the model accurately predicted the 1,1 -DCE transformation
and butane utilization in B8 when the TCIIDCE values was increased to 1.448 j.imol
1,1-DCE/mg cell (Figure 5.8 (b), in hrs 2900-3500). Figure 5.8 (c) shows the cell
mass profile with increasing of l,1-DCE dose simulated by the model. The cell
mass increased with consecutive additions of butane. The sharp peaks at hours 100,
800, 1150, 1700 and 2100 represent the acute cell growth due to the consecutive
utilization of growth substrate. Compared to the cell mass profile obtained using
T,l,1DcE value of 0.31 .imol 1,1-DCE/mg cell, a slower decline in cell mass was
predicted with the third and the fourth additions of butane and 1,1-DCE whena
T,,.lDcE value of 1.448 imol 1,1-DCE/mg cell was used (Figure 5.3 (c)). Although
the 1,1 -DCE dose was elevated from the third feeding, cell growth was less
sensitive to the higher dose of 1,1-DCE when using the higher TIcE value.0
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B8 with b=O.0028 hr' andTC,1,I.DCE=1.448 imol 1,1-DCE/mg cell.114
To evaluate the model fits, Standard Error of Estimate (SEE) values were
calculated for each set of simulation with the differentT,I,1.cEvalues. The
comparison of SEE values for each simulation is presented in Table 5.2. The
Standard Deviation (STDV) for the first butane addition (7.95) is much larger than
that of the second addition (3.99) and kinetic test part (0.13, 1.60 and 5.39). This
suggests that modeling cometabolism of the early stage was more sensitive to
changes ofT,1,jDcEvalue. In observing SEE values for each simulation, it appears
that the lowerT,I,1DcEvalues more appropriately simulated the early stages of the
test. In contrast, the higherTC,1,I.DCEvalues better simulated the latter stages of the
tests when 1,1 -DCE doses were increased.
It is also interesting to note that the lowest SEE value often occur for the
same simulations for both butane and 1,1 -DCE indicating a correlation between
these parameters. Of the seven best simulations, four simulations show that butane
utilization and 1,1 -DCE transformation have the lowest SEE in the same simulation,
and the remaining three are in adjoining boxes. Thus, when butane was well
modeled, 1,1 -DCE transformation was also well modeled.115
Table 5.3 Comparison of Standard Error of Estimate.
,I-DCE
0.31 0.3620.5170.827 1.034 1.448STDV
Feedin"\
1st**
Butane 16.52****16.71 26.9531.76 32.6433.92 7.95
1,1-DCE 0.03 O.O1 0.04 0.06 0.06 0.06 0.02
2nd**
Butane 6.26 2.64****3.80 9.35 10.87 12.59 3.99
1,1-DCE 0.03 O.O1 0.01 0.02 0.02 0.02 0.01
Kine tic
Butane 1.58 1.58 1.48 1.36 1.32 1.27****0.13
Butane 12.00 12.06 10.759.38 8.90 8.36****1.60
1,1-DCE 0.08 O.08****0.08 0.08 0.08 0.08 0.00
Butane 3.08****8.90 10.5315.69 16.20 16.77 5.39
3rd**
Butane 27.56 21.17 12.206.82 5.80 9.18
1,1-DCE 0.15 0.13 0.09 0.06 0.05 O.04****0.05
4th**
Butane 35.65 34.48 27.9116.11****19.9624.01 7.38
1,1-DCE 0.66 0.58 0.26 O.07****0.07 0.08 0.27
5th**
Butane - - - 3.97 3.41 2.40****0.80
1,1-DCE - - - 0.33 0.25 O.08****0.13
* Transformation capacityof],1-DCE (pmol 1, 1-DCE/mg cell).
**fed butane and 1, ]-DCE simultaneously.
***fed butane first, then 1, 1-DCE sequentially.
* * * * Bold valuesare the best fit for that portionofthe test.116
COMPARISON OF LABORATORY DATA AND MODEL
SIMULATION OF THE INDIGENOUS MICROCOSMS 16,17 AND
18: fed butane and 1,1-DCE simultaneously
The biotransformation model presented in chapter 3 was used to simulate
the microcosm data for the indigenous microorganisms. The input values for the
model are listed in Table 5.3. The kinetic parameters defined by Rungkamol (2001)
were assumed as starting values for the model simulations. Since some values,
including the transformation capacity of 1,1-DCE (Tj,IDcE ), the constants for
mixed inhibition of butane on 1,1-DCE transformation (KICBUTDCE, KIUBUTDCE) and
competitive inhibition of 1,1 -DCE on butane utilizaiton (KICDCEBUT), K,1DCE and
kmaxIIDCE were not determined by Runkamol, kinetic values evaluated by Kim et
al. (2002) were applied. Xo and Ks.Butane values were adjusted to achieve a better fits
to the experimental data, when required during modeling work. Since the initial cell
concentrations in the indigenous microcosms 16, 17 and 18 were not known, this
parameter was fit in the simulation exercise.117
Table 5.4 Starting parameter values and units used in modeling the indigenous
microcosm results.
Parameter Value Unit
Butane concentration approximately 7, 70 tmol
1,1 -DCEconcentration* 0.25-0.3 tmo1
Initial cell concentration in
indigenous microcosm (X0)
**
assumed mg/L
Cell yield 0.0406 mg cell! j.tmol butane
Decay (b) 0.00625 hf1
Hcc,Butane 38 -
H.I.IcE 0.8576 -
KICDCEBUT**** 8.7 j.tmol/L
KiC,BUTDCE**** 0.33 jimol!L
KIUBUTDCES*** 6.9 .jmol!L
kmax,Butane*** 1.261 .tmol!mg cell-hr
kmax!.IDCE**** 1.3 tmol/mg cell-hr
Ks,Butane 1.897 jimol butane/L
K11DcE 1.48 tmol l,1-DCE/L
Transformation capacity
(Tc)
0.517 j.tmol l,l-DCE!mg cell
Volume of gas phase(VG) 0.076 L
Volume of liquid phase(VL) 0.08 L
*Experimental value.
**Assumed then varied in modeling.
Input value from Rungkamol (2001).
Input value from Kim et al. (2002).118
Indigenous microcosms 16, 17 and 18 received butane and 1,1-DCE
simultaneously for the first and second feedings. For all three microcosms, butane
degradation and 1,1 -DCE transformations were completed more rapidly in the
second feeding. Among the three microcosms, 17 showed the fastest rate for
substrate degradation.
The results of microcosm study and the simulations are shown Figure 5.9.
In an attempt to find the best fit, the initial cell concentration was estimated based
on the measured values from the bioaugmented microcosm study. The simulation
was started with an initial cell concentration of 1.385 mgIL, then was reduced to
0.139 mg/Land 0.069 mg/L. Comparison of the model outputs indicated that
dilutedX0value to 5% of the measured biomass in bioaugmented microcosm more
accurately describes the indigenous microcosm data and longer lag time was
required for butane uptake and I,I -DCE transformation. Furthermore, a much
higher input value forKS,BUte (50 tmol butane/L corresponding to 26 times higher
than the starting value) and K,l,IDcE (40 imol l,1-DCE/L corresponding to 27
times higher than the starting value) than those defined by Rungkamol (2001) and
Kim et al. (2002) more adequately simulated the microcosm results. It is difficult to
conclude what factors result in the possible higher KS.BUte and KS,1,IDCE thatwere
needed to match the laboratory data. The microbial community was substantially
different from that used for inoculation in bioaugmented microcosm studiesas was
discussed in Chapter 4 and presented in Figures 4.14 and 4.29 (Chapter 4).60
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Figure 5.9 Microcosm experiment data and model output for microcosm 16
with (a) X00.139 mg/L (b) X00.069 mg/L (c) X00.069 mg/L, Ks,Butane=50
j.tmol butane/L and K,1,I..DcE4O tmol 1,1-DCE/L.120
Figure 5.10 and 5.11 present the results of modeling butane utilization and
1,1 -DCE transformation during the first two feedings for 17 and 18, respectively.
When using aXo value of 1.385x0.1 mg!L, an excellent model simulation of 1,1-
DCE biotransformation for microcosm 17 was obtained (Figure 5.10). The model
simulations were performed successfully with a Xo of 1 .385x0. 1 mg/L, 40 tmol
butane/L ofKS.BUtane,and 30 tmol 1,1 -DCE/L ofK1 i-DCEfor microcosm 18 (Figure
5.11).
The cell mass profile in microcosm 17, obtained by model simulation is
shown in the Figure 5.10. The initial cell mass at the beginning of the simulation
for the second addition of butane and 1,1-DCE (at 1716 hours) was 2.89 mg/L. The
cell mass increased to 37.1 mg/L at the end of the simulation of the butane
utilization and 1,1 -DCE transformation.
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Figure 5.10 Microcosm experiment data and model output for microcosm 17
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Figure 5.11 Microcosm experiment data and model output for microcosm 18
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SUMMARY OF MODELING BUTANE UTILIZATION AND
1,1 -DCE TRANSFORMATION
Modeling of the activity seen in the microcosms indicates that Rungkamol's
(2001) and Kimet al.(2002) parameter values were good initial estimates for the
kinetics of our culture used in bioaugmentation. The kinetic values of Kimet al.
(2002) were obtained with a culture that was a parent culture to one used in our
studies. It was only necessary to adjust the transformation capacity for 1,1 -DCE
(Tc,,,,..DCE)and cell decay constant (b) to better fit the transformation data.
Experimental data showed that transformation of the resting cell occurred
within the first 3 hours of incubation. It is less conclusive that initial rapid loss of
1,1 -DCE was attributed to biotransformation of 1,1 -DCE using reserved
monooxygenase or by other process such as sorption onto the soil. These trends,
however, were very reproducible as noted by the similarity within all the triplicates.
Simulations of butane utilization in the absence of 1,1 -DCE showed a good
fit to the laboratory data when a decay constant (b) of 0.0028 hr was used. This
verified that the model's input values for butane utilization, except cell decay
constant (b), were adequate.
Laboratory experiments in microcosm showed that the culture was capable
of cometabolically biotransforming of 1,1 -DCE with butane as the primary growth
substrate. The bioaugmented microcosm B8, showed a rapid rate of 1,1 -DCE
transformation and butane utilization. The model predicted the trend appropriately
and similarities were shown within all simulations in whichT,j,1DcEwas varied.
Extreme product toxicity of 1,1 -DCE transformation was observed from model
simulation, as seen by a sharp decline in cell concentration after 1,1-DCE
transformation. The product toxicity simulations showed that aT.I,1cEvalue of
0.31 tmol 1,1 -DCE/mg cell more adequately described the incubation of
microcosm in the early stage. For the second substrate addition and during kinetic
test, the simulations were not sensitive to theTCIDCEvalues used in the model123
since 1,1 -DCE doses were low. When the 1,1 -DCE dose was increased bya factor
of eight, only 43.6% of 1,1 -DCE transformation and 18.3% butane utilization
occurred and 1,1 -DCE biotransformation and butane utilization was ceased. The
model predictions usingT.1,1DcEvalue of 1.448 tmol 1,1-DCE/mg cell better
simulated these results.
When usingTc,1,IDcEvalue of 1.448 jimol 1,1-DCE/mg cell, cell growth
and decay was not as sensitive to higher doses of 1,1 -DCE (elevated to two and
four times. A sharper decline in cell mass was observed for the higher dose of 1,1-
DCE when usingTC,J,IDCEvalue of 0.31 tmol 1,1-DCE/mg cell (Figures 5.3 (c)
and 5.8 (c)). The simulations show that when butane utilization was simulated well,
1,1 -DCE transformation was also simulated well.
The model did not adequately fit the first feeding in all trials with varying
T,I,1DcEinput values. The higherTJjIcEvalues better simulated the latter stages
of the tests when 1,1-DCE doses were increased (Table 5.3). One possibility
supported by T-RFLP analysis is that different microorganisms were dominant
during the early stage of the incubation. It is interesting to know that 183 base pair
(bp) peak increased with time and became dominant after the kinetic test (Figures
4.29 Chapter 4).
Using the kinetic, inhibition, and product toxicity values defined by
Rungkamol (2001), Kim et al. (2002) and adjusted values noted above, model
simulations provided a good matches to the biotransformation trends observed in
bioaugmented microcosms B2-B4, B5 and B8, and indigenous microcosms 16, 17
and 18. The significance of these laboratory experiments and the model simulations
was to demonstrate the model's ability to predict the general trends of
biotransformation using parameter values determined from independent
experiments.124
CHAPER 6
CONCLUSIONS
The overall goals of this study were to test the 1,1-dichloroethene (1,1-DCE)
cometabolic transformation abilities of indigenous and bioaugmented
microorganisms in microcosms constructed with groundwater and aquifer solids
collected from the Moffett Federal Airfield In-situ Bioremediation Test Site. We
also determined microbial community changes that resulted from different patterns
of substrate addition and 1,1 -DCE cometabolism using molecular methods.
Microbial community profiles were evaluated over time using the terminal
restriction fragment length polymorphism (T-RFLP) method at various times
during the study. Modeling the results of the microcosm studies was another
objective. The transformation results were modeled using an existing
biotransformation model (Kimet al.,2002) and parameter values independently
determined in previous laboratory studies (Kimet al.,2002; Rungkamol, 2001).
A significant contribution of this study was developing the laboratory
methods to evaluate the abilities of microorganisms to cometabolize 1,1 -DCE,
which has a high transformation product toxicity. Another contribution was the use
of the T-RFLP method for determining microorganisms correlated with the
biotransformation activities. Furthermore, the model comparison to experimental
data indicated that there was potential in using the existing model to predict and
improve bioremediation strategies.
General conclusions of this study are as follows:
1)the enrichment culture was successfully bioaugmented into aquifer
groundwater/solids microcosms, showing that it was capable of
cometabolically transforming 1,1 -DCE with butane as the primary growth
substrate.125
2) indigenous microorganisms present in the Moffett Field aquifer materials
had the ability to cometabolically transform 1,1 -DCE when grown on
butane.
3) a concentration of 25 mg/L ofHgCl2was not sufficient to prevent microbial
growth in the bioaugmented microcosm constructed with the Moffett
aquifer materials.
4) indigenous butane utilizers in the microcosms, simultaneously fed butane
and 1,1-DCE showed a long lag period of more than 25 days. After
prolonged treatments, the transformation yields of indigenous butane
utilizers differed between triplicate microcosms. Although the aquifer
materials were mixed before constructing the microcosms, different
microbial populations were enriched in indigenous microcosms that were
treated identically.
5) the butane utilizers, when bioaugmented in the microcosms simultaneously
fed butane and 1,1 -DCE, showed a lag period of only a few days, much
shorter than observed in indigenous microcosms, treated under the same
conditions.
6) the difference in lag periods indicates that the microbial population was
reduced upon exposure to 1,1 -DCE. Microcosms pre-exposed to 1,1 -DCE
had the longest lag time and those exposed to 1,1 -DCE with butane had a
moderate lag time, while microcosms not-exposed to 1,1 -DCE had no lag
period.
7) 1,1-DCE transformation was more consistent in the bioaugmented
microcosms and achieved better performance than the indigenous
microcosms. The maximum transformation yield was 0.025 tmol 1,1-
DCEIp.mol butane (0.042 mg 1,1 -DCE/mg butane) in the bioaugmented
microcosms and 0.00431 tmol 1,l-DCE/tmol butane (0.00721 mg 1,1-
DCE/mg butane) in the indigenous microcosms.126
8)1,1 -DCE transformation in bioaugmented microcosms simultaneously fed
butane and 1,1 -DCE was maintained for up to five cycles of feeding fora
period of approximately 150 days.
9) butane utilization with no 1,1-DCE present was fairly stable in both
bioaugmented and indigenous microcosms over about 7 months. The butane
utilization rate increased with consecutive additions of substrate.
10) the T-RFLP results showed good repeatability with microcosm replicates. It
was possible to track microbial community shifts using the T-RFLP method.
Thus, T-RFLP profiles are potential indicators of microorganisms with
CAH cometabolic abilities.
11) 1,1 -DCE transformation resulted in a microbial community shifts.
12) the T-RFL of 183 base pair was dominant in the bioaugmented microcosm
fed butane and simultaneously fed butane and 1,1 -DCE. Since the T-RFL of
183 bp was dominant in both microcosm sets, these microorganismswere
likely associated with butane utilization and 1,1 -DCE transformation.
13) the T-RFL of 183 base pair was not present when microcosms were
incubated with only 1,1 -DCE for 29 days after bioaugmentation and then,
followed by the addition of butane. The T-RFLs of 179 or 277.8 base pair
became dominant after growth on butane. The results indicated that the
microbial community shift was most likely due to 1,1 -DCE transformation
product toxicity.
14) T-RFLP profiles from restriction enzyme MnlI digests showed greater
community diversity than those from Hin6I digests.
15) in indigenous microcosms exposed to butane alone, a microorganism
corresponding to the T-RFL of 179 base pair was predominant. This T-RFL
was found to be consistent with aRhodococcus sp.observed in the clone
library of Dolan, 2002.127
16) in the indigenous microcosms fed butane and 1,1 -DCE simultaneously, a T-
RFL of approximately 207.5 base pair was fairly dominant and was
correlated to Hydrogenophaga sp. observed in clone library of Dolan, 2002.
17) Using the kinetic, inhibition and product toxicity values determined by Kim
et al. (2002) and Rungkamol (2001) with some adjusted values such as cell
decay (b),Tc,l,1DcE, kmax,Butaneand Butane,model simulations showed a
good match for the trends of biotransformation observed in bioaugmented
and indigenous microcosms.
18) The model appropriately predicted the trends in butane utilization and 1,1-
DCE transformation of the bioaugmented microcosm and similarities were
shown with varyingT,I,IDcEvalues.
19) The higherT,1 -DCEvalues better simulated the latter stages of the tests
when 1,1 -DCE doses were increased. One possibility supported by T-RFLP
analysis is that different microorganisms were dominant during the early
stage of the incubation.
20) The simulations showed that when butane utilization was simulated well,
1,1 -DCE transformation was also simulated well.
The bioaugmentation study demonstrated that bioaugmenting butane-
utilizers significantly reduced the lag period from more than 25 days to several
days. Bioaugmented butane utilizers were also capable of transforming a greater
dose of l,1-DCE compared to the indigenous microcosms. The indigenous butane
utilizers showed greater variability in microbial population after the prolonged
treatment with butane and 1,1 -DCE, while bioaugmented butane utilizers were
more consistent in transformation activity and microbial community. Furthermore,
the microorganism corresponding to the T-RFL of 183 base pair, one of the
bioaugmented microorganisms, was generally dominant for all samples. This fact
indicates that the bioaugmented microorganisms successfully competed with the128
indigenous microorganisms. Therefore, the bioaugmented microorganisms are
recommended for bioremediating 1,1 -DCE.
Since the T-RFLP method is not able to differentiate at the species level and
since the method is not able to distinguish between multiple organisms with the
same T-RFL, only general microbial community differences can be assessed.
Furthermore, the biases attributed to PCR-based molecular analysis, mentioned in
Chapter 2, may not be ignored in this study. However, in spite of these
shortcomings, many conclusions were obtained from this work as noted above.
Since T-RFLP was successfully used to track certain bioaugmented
microorganisms, it may be possible to determine the fate of bioaugmented
microorganism in the field. For example, the one corresponding to the T-RFL of
183 base pair originated from the bioaugmented culture would be a good candidate
to bioaugment to effectively cometabolize 1,1 -DCE.
Although the T-RFLP microbial community profiles from the restriction
enzyme Hin6I were less diverse than those obtained from the MnlI digests, the
microbial profiles did change over time in response to 1,1 -DCE transformation.
This indicates that the restriction enzyme Hin6I was useful in confirming that
microbial community shifts were most likely due to 1,1 -DCE transformation
product toxicity, and support results obtained with the MnlI restriction enzyme.
The significance of the laboratory experiments and the modeling was to
demonstrate the model's ability to simulate and predict the general trends of
biotransformation when using input values determined from independent
experiments. Although the model did not distinguish between the different
microbes present, it reasonably simulated the microcosm performance.129
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